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ABSTRACT

This work demonstrates the development of a new efficient diagnostic procedure for checking
the function of pneumatic cylinders using acoustic emission. The aim of this work is to suggest
and determine the diagnostic criteria that evaluate the quality of the pneumatic cylinder.

The first step is to find the typical acoustic emission signal that associated with a particular type
of damage in the cylinder by the frequency spectrum. This parameter was replaced later by the
parameter RMS during the monitoring of changes in the test results. The relationship between
Acoustic Emission (AE) and different types of defects in pneumatic cylinders was discussed,
shedding light on a new approach to determining these types of defects and distinguishing
between them through Acoustic Emission.

The second step is to compare undamaged and damaged cylinders to find distinctive differences
that determine whether the cylinder is damaged or undamaged. Several undamaged cylinders
were tested by acoustic emission, before artificial defects were created in each one. The signals
from the progress and retreat strokes were recorded and analysed into many parameters. The
RMS was normalized, and the different responses between damaged and undamaged pneumatic
cylinders were recognized by the time delay of the strokes. The differences were identified by
the ratio of the max RMS from the sensor that fixed in the head cap of the cylinder and the max
RMS from the sensor that fixed in the rear cap of the cylinder for one cycle in the retreat stroke.
The damaged and undamaged cylinders were distinguished using the difference in energy
values which present in the signals from the two sensors in the retreat stroke. The final
evaluation of the cylinder was determined by the calculation of the total value of RMS.

In the third step in the experiment, the cylinders were loaded gradually by different weights in
a vertical direction. The signals of the acoustic emission were recorded from the progress and
retreat strokes and then analysed. The time delay is calculated between the digital input and the
initiation of movement. The energy and root mean square of the acoustic emission compare
between the different responses in damaged and undamaged pneumatic cylinders, with and
without loading. The results of the test showed a linear relationship between the RMS curve
and loading. The defect affects the relationship between the applied load and the recorded signal
of the sensors.

KEYWORDS

Acoustic Emission (AE), Pneumatic cylinders, Detection Coefficient, Energy, Loading Root Mean
Square, Defects, Leakage.
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ABSTRAKT

Tato prace se zabyva vyvojem nového efektivniho diagnostického postupu pro kontrolu funkce
pneumatickych valcl pomoci metody akustické emise. Cilem prace bylo navrhnout a urcit
diagnosticka kritéria pro hodnoceni kvality vybranych typ pneumatickych valci.

Prvnim krokem bylo nalezeni typického akustického emisniho signalu, ktery je spojen s ur¢itym
typem poskozeni ve valci vyuZzitim frekvencniho spektra signalu. Pozd¢ji byl tento parametr
nahrazen parametrem RMS béhem sledovani zmén v pritbéhu testti. Na konkrétnich valcich byl
sledovan vztah mezi akustickou emisi a riznymi typy defektti a byl ptedstaven novy pfistup k
urovani téchto typi vad a jejich odliSenim v signalu akustické emise.

Druhy krok studie Ze neporusené a poSkozené valce byly porovnavany tak, aby se zjistily
vyrazné rozdily, které urcuji, zda je valec poskozen nebo neposkozen. Ne¢kolik neposkozenych
valcl bylo testovano akustickou emisi a nasledné v nich byly vytvofeny umé¢lé vady. Signaly
z vysouvani a zasouvani pistu byly zaznamenany a analyzovany pomoci fady parametrti. Na
zaklade¢ Casového zpoZzdéni a normalizace RMS byly rozpoznany odezvy mezi poSkozenymi a
neposkozenymi pneumatickymi valci. Rozdily byly zji§tény porovnanim maximalni hodnoty
RMS ze snimace upevnéného na pfednim viku vélce a snimace upevnéného na zadnim viku
valce pro jeden cyklus. Poskozené a neposkozené valce byly rozliSeny pomoci rozdild
energetickych hodnot pfitomnych v signalech z obou snimact v zavislosti na zdvihu pistu.
Konec¢né vyhodnoceni valce bylo uréeno vypoctem celkové hodnoty RMS.

Ve tfetim kroku experimentu byly vélce postupné zatéZovany riznymi zévazimi ve svislém
sméru. Signaly akustické emise byly zaznamenany z vysouvani a zasouvani pistu a poté
analyzovany. Casové zpozdéni se vypogitava z digitalniho vstupu a za¢atku pohybu pistu.
Energie signalu a RMS akustické emise porovnavaji rizné reakce v poskozenych a
neposkozenych pneumatickych valcich s a bez zatizeni. Vysledky testu ukdzaly linearni vztah
mezi kiivkou RMS a zatizenim. Defekty ovliviiuji vztah mezi aplikovanym zatiZenim a
zaznamenanym signalem snimacu.

KLICOVA SLOVA

Akusticka emise (AE), Pneumatické valce, Detekcni koeficient, Energie, Zatizeni, Root Mean Square,
defekty, Unik.
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Introduction

1. Introduction

This study tried effectively to apply real-time diagnostics to detect any malfunctions in
automatic production lines and in the transport field, and looking for new ways to inspect and
predict any defects. One option is the condition monitoring by acoustic emission method.
Non-destructive testing (NDT) is defined as the technical method to examine materials or
components in ways that do not impair future usefulness and serviceability. NDT can be used
to detect, locate, measure, and evaluate flaws; to assess integrity, properties, and composition.
Each NDT technique has both advantages and disadvantages with regard to cost, speed,
accuracy, and safety [ 1].

Acoustic emission testing is considered to be an important method of non-destructive testing
(NDT) and condition monitoring. It can be conducted during operation and does not require
any interruption of activity. Acoustic emission is the term given to transient elastic stress waves
generated by the energy released when microstructural changes occur in a solid material or
turbulence in the liquid. The main factors of the propagation velocity of the elastic stress wave
are the wave type, the wave frequency, and the properties of the material. These waves are
detected by sensors (transducers) attached to a specific place on the surface; the sensors convert
the mechanical disturbance into voltage. Acoustic emission is usually divided into three
categories: pressure testing, diagnostics condition monitoring, and leak detection. Leak
detection includes detecting, locating and assessing leaks, and determining when the fluid flow
becomes turbulent. Fundamental principles of AE leak detectors rely on the fact that escaping
gas or liquid through a small breach creates a high-frequency sound wave that travels through
the enveloping system via an acoustic leak path [2].

Pneumatic actuators convert fluid energy into straight line motion (linear actuators). During
normal operation of a pneumatic actuator, a variety of defects can occur, which could lead to a
catastrophic failure if left undetected. Therefore, it is crucial to detect even the minor problems
and their sources as quickly and accurately as possible to ensure an uninterrupted safe operation.
Defects may affect the function of the pneumatic cylinders and cause malfunctions [3].

The existence of the detection coefficient “D” facilitates the evaluation of defects, taking values
that range from 1 to 10, with 10 being highly difficult to detect. The detection coefficient was
taken from the method FMEA (Failure Mode and Effects Analysis) and was developed and
classified using AE. The Coefficient "S" expresses the severity of a particular defect [4].

A number of undamaged pneumatic cylinders were tested with AE before artificial defects were
made on the same cylinders and the results were compared. And undamaged and damaged
cylinders were analysed using a frequency spectrum within a specified time and the results were
compared. A set of defects was identified through this comparison, but the frequency spectrum,
counts and events were not sufficient to identify all defects. The frequency spectrum was
replaced later by the RMS, the average energy of acoustic emission signal RMS gives a clear
picture of the different responses between damaged and undamaged pneumatic cylinders [5].
The cylinders were loaded gradually by different weights in a vertical direction. The effect of
the defect occurs when the cylinder is loaded at the retreat and progress strokes. This defect
affects the relationship between the applied load and the recorded signal of the sensors. The
relationship between the RMS curve and loading is linear [6].

The main goal is to investigate the possibilities of implementing AE system for pneumatic
cylinder leakages detection. The AE laboratory at the “Institute of Machine and Industrial
Design of Brno University of Technology” has long focused on the use of AE for diagnostics of
damage development in cyclically loaded materials and machine parts (standard fatigue, contact
fatigue, bearings etc.). In addition to these relatively traditional applications, theses laboratory
specialists implement other non-traditional possibilities of using acoustic emission method.
This is possible by using a prototype of the newly developed diagnostic equipment.
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State of The Art and Previous Studies

2. State of The Art and Previous Studies

Non-destructive testing (NDT) is defined as the technical method to examine materials or
components in ways that do not impair future usefulness and serviceability. NDT can be used
to detect, locate, measure, and evaluate flaws; to assess integrity, properties, and composition;
and to measure geometric characteristics. The NDT technologies include radiographic methods,
dynamic methods, X-rays, ultrasonic methods, acoustic emission (AE) techniques, and
acoustic-ultrasonic (AU) techniques etc.

The first documented observations of AE appear to have been made in the 8th century by
Arabian alchemist Jabir ibn Hayyan. Hayyan wrote that Jupiter (tin) gives off a ‘harsh sound’
when worked, while Mars (iron) ‘sounds much’ during forging.

The 19th century brought further verification with the work of Robert Anderson (tensile testing
of an aluminium alloy beyond its yield point), Erich Scheil (linked the formation of martensite
in steel to audible noise), and Friedrich Forster, who with Scheil related an audible noise to the
formation of martensite in high-nickel steel. Experimentation continued throughout the mid-
1900’s, culminating in the PhD thesis written by Joseph Kaiser entitled "Results and
Conclusions from Measurements of Sound in Metallic Materials under Tensile Stress.” Soon
after becoming aware of Kaiser’s efforts, Bradford Schofield initiated the first research program
in the United States to look at the materials engineering applications of AE. However, Kaiser’s
research is generally recognized as the beginning of modern day acoustic emission testing.
Acoustic emission is a non-destructive structural integrity monitoring method, and to
characterize the behaviour of materials when they undergo deformation or fracture. Unlike
ultrasonic or radiographic techniques, AE does not require external energy; it is released from
the test object itself. Acoustic emission techniques have been used for monitoring components
and systems during manufacturing, detecting and locating leaks, mechanical property testing,
and testing pressurized vessels. AE technique relies on the fact that escaping gas or liquid
through a small breach creates a high frequency sound wave that travels through the enveloping
system [7].

Fluid power system, which is used in pneumatic control, requires an adequate knowledge of
pneumatic components and their function to ensure their integration into an efficient working
system. The compound air compressor was first patented in 1829, and it was seen for the first
time in 1872. The 1900s saw further evolution for pneumatics as components were used for the
first time in jet engines in the form of centrifugal and axial-flow compressors. Further
developments took place throughout the century with advancements in labor-saving devices in
the form of machinery that would assist or even reduce the need for manpower as well as
automatic machinery, tools and control systems. Towards the end of the 1960s, the first digitally
controlled pneumatic components began to enter the market, once again revolutionizing the
way in which this highly effective equipment played a part in our everyday lives. Modern
pneumatic cylinders offer fast, accurate power for low-pressure applications, giving a variety
of industries, from packaging to amusement park rides and medical devices to automation
control, simple, safe and powerful controls [8].
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2.1.Relationship between AE and leakage 2.1

Fundamental principles of acoustic emission leak detectors are sensitive to airborne sound and
inaudible sound waves due to escaping gas. Acoustic emission techniques, on the other hand,
detect high frequency sounds that travel within the envelope itself. The acoustic emission
technique relies on the fact that escaping gas or liquid through a small breach creates a high
frequency sound wave that travels through the enveloping system via acoustic leak path. It is
the capture and recording of these waves that make up the acoustic emission technique.
Applicability, sensitivity and characteristics of the acoustic emission technique is best used
where there is a direct sound path between the suspected leak location and the location of the
sensor. Acoustic emission sensors are small piezoelectric transducers, similar in construction
to those used in ultrasonic testing. The received signal is highly amplified and transmitted to
the monitor where the number of events, the event rate and changes in the event rate are
observed. Acoustic emission tests are susceptible to background noise (false positives) due to
equipment rotation, friction, or other operating sources. On the other hand, using several
transducers and by triangulation, it is possible to very accurately pinpoint the location of source
of the emission, i.e. the leak. Acoustic emission testing is considered to be considerably more
sensitive than airborne acoustic testing but does require access to the surface of the pressure
envelope [9].

Researchers have found that the AE signals are able to monitor the process of fluid leakage
such as the valve leakage. The high frequency stress wave caused by the turbulence, which is
the result of the random flow when the fluid goes through the leaks orifices of the valve. The
frequency amplitude values vary from 100 kHz to 1 MHz, and it can be easily identified by
environmental noise from the factory. El-Shorbagy found the methods to measure the flow rate
by the automatic online control using monitoring the sound level of valve noise | 10]. Sharif and
Grosvenor analyzed the frequency spectrum of the AE signal on the leakage of compressed air
through an industrial control valve. The results demonstrated the relationship between the
frequency and leakage and could be clearly picked up from AE signal with background noise
[11]. Lee et al. studied the AE characteristics monitoring the leakage in two valves (the steam
ball valve and water ball valve) on different leakage modes, and it was concluded that the
leakage rate of valves is directly proportional to the AE amplitude. Recently, the rate of gas
leakage of a valve was estimated by the theoretical relationship between the features of AE
signals and internal leakage rate of valves [12].Thus, it is feasible that AE technique can be
applied in the inner leakage detection of valves.

2.1.1. Parameters of Acoustic emission

The parameters analysis of AE signals in valves is a dominant method in the signal processing
field. Compared with the full waveform analysis method, the parameters analysis has many
advances, for example, fast recording and rapid processing. Many parameters, such as the rise
time, ring down counts, amplitude, peak, duration and root mean square (RMS) value, and
kurtosis, were analysed using this method. Dickey et al. found that the peak amplitude of AE
signal in frequency domain was tightly related to transducer response or valve geometry [13].
The characteristic of AE signal in frequency domain and a relationship between the AE signal
and the leakage rate were studied in a ball valve. Jiang et al. explored the function between the
Reynolds number (Re) and the sound pressure level of gas leakage with AE technique. The
mass of gas leakage in the flow field was calculated, which is the foundation for the detection
of the valve leak [14]. Gao et al. presented the quantitative relationship between the valve
leakage rate of coal-fired power plants and the AEms. Its precision was verified by the practice
results. The experiment system which consists of the leakage system and the AE measurement
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system. For leakage system, valves are chosen to be the test subjects, which mainly are ball and
globe balls because of their wide applications [ 15].

The correlation between the AE parameters and leakage rate are able to monitor the operating
condition of critical valves. Some researchers tried made improvements of portable devices for
leakage detection of valves based on the previous studies. The principle of measurement is that
using a sensor to detect the leakage of valves this sensor converting the elastic wave to voltage
by micro processing to the parameter of the AE signal. Simplifying the system and reducing
the cost are depending on the accuracy. The devices are particularly inadequate for detecting
the leakage of valves applied in engineering fields, because the devices that detect the leakage
of valves with the AE technology are usually huge and inconvenient to move. [16].

Yang et al. applied the AE technique to identify the internal leaky modes of globe valve, which
could be classified as the untight closing and crack. It was tested in the valves and the results
showed it worked effectively [17]. Wang et al. proposed a method for detecting the actual
working condition of a valve using the AE signal and the simulated valve motion. This method
can easily distinguish the normal valve, valve flutter, and valve delayed closing conditions [ 18].

Pollock et al studied the characteristic of acoustic leak signals owing to the gas leakage through
a ball valve in frequency domain. As a consequence, the correlation between the AE and the
leakage rate was presented |19]. Dickey et al found that the peak amplitude of AE signal in
frequency domain is independent of leak part or leakage rate but dependent on transducer
response and valve geometry. However, they did not describe the relationship between AE
parameters and valve leakage rate which is the primary basis for predicting leakage rate by AE
method | 13]. Watit Kaewwaewnoi, Asa Prateepasen and Pakorn Kaewtrakulpong presented
the relationship between AE parameters and the leakage rate of valve at various valve sizes and
inlet pressures. The equation utilized to find out the leakage rate at different valve sizes and
inlet pressures was also established. The degree of turbulence is predicted by the Reynolds
number (Re) defined as:
Re =% 2.1

n
Where p is the density of the liquid, v the flow velocity, r the radius of flow path and n the

viscosity [32]. The basic mechanism generating AE signals at the orifice is the turbulence
resulting from the high pressure and high velocity of fluid flow [ 19]. The Reynolds number Re
can be written as:

Re = U—d 2.2

v
Where U is Mean fluid velocity through orifice, d is Mean orifice diameter, v is viscosity of

fluid. It has been found that the turbulence occurs when the Reynolds number is between 1,000
and 10,000 giving leakage produce an acoustic emission. The actual detection of the leakage
depends on the flow rate as this factor decides the energy contents of the leak signal [19]. The
AE signal of leaking valve is more obviously identified on the downstream side of a valve. This
is due to the turbulence created when the gas flows from the high pressure side, through the
leakage area to the low pressure side. Hence, AE sensors should be located at the downstream
side of the valves. For continuous AE signal from both time and frequency domains, the most
frequently used AE parameters are the average energy (AEms).
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2.1.2. Apparatus of Acoustic emission

Jomdecha et al. developed a system that consists of a field programmable gate array-PC
(FPGA-PC) and three AE sensors with 150 kHz resonant frequency, he was locating the AE
source from the corrosion in austenitic stainless steel. Furthermore, a system based on FPGA-
PC and LOCAN 320 AE analyser was developed. The system is able to analyse the amplitude,
counts, hits, and time of AE signals from corrosion for different types of corrosion. [20]. David
Taylor Naval Ship RID Center developed (DTNSRDC)The acoustic valve leak detector
(AVLD) which is currently used for trouble shooting, overhaul planning, and a systematic
preventive maintenance program for seawater valves [21]. Noipitak et al. made a foundation
for the application of AE technique in valves and reduced the recalibration time and the cost by
presenting a relative calibration method for an internal valve leakage rate measurement system
based on the microcontroller and AE methods. Prateepasen et al. developed a smart portable
device for detection of internal air leakage of a valve using AE signals. The measurement was
made by an embedded system, the relation between AEys and the leakage rate, and the micro
controller. The valve was turning off and the sensor was assembled before the instrument works.
Which helps maintenance technicians to identify the leaking valves quickly and easily [22]. The
applications of AE technique in detecting failure of valves focused on the leakage of valves,
identification of failure modes, and valve degradation. Nakamura and Terada used an AE
sensor to monitor the minor leak of pressurized valves based on the opposite properties of AE
signals and background noise [23]. Seong et al. proposed a method in which the AE sensors
were used for detecting the failures of check valves and developed a diagnostic algorithm to
identify the type and the size of the failure of valve. The results showed that this method worked
well in identification of failure and estimation of the relationship between the size and failure

type [24].
2.1.3. Leakage and RMS of acoustic emission

Gao et al. presented the relationship between the AE parameters and the fluid filed and valves.
It was found that the ring-down counts, energy, amplitude, or AEms signals induced by leakage
was directly proportional to the inlet pressure. However, the AE signal induced by the valve
leakage is continuous. Two parameters are used to describe the leakage [25]. Kaewwaewnoi et
al. found that a good correlation existed between the leakage rate and the ASL (average signal
level). An equation related to the valve leakage rate was achieved. Many literatures presented
the average energy of AE signal (AEms) as a more sensitive parameter of valve. Chen et al in
italic. evaluated the various parameters of AE signals in terms of their capability of estimating
the internal leakage rate of a water hydraulic cylinder. They have shown AE:ms value was more
suitable to interpret AE signals generated by internal leakage [26|. Kaewwaewnoi et al. also
found the relationship between the AEms and the parameters such as inlet pressure levels, valve
sizes, and valve types. The AEms could be used to predict the actual leakage rate qualitatively
[27].

Sim et al. employed AE signal to detect valve failure in reciprocating compressor. Any
abnormalities of the valve motion could be detected effectively by analysing the RMS value.
In their further study, the detection of other types of valve and the initiation of materials
deformation in valves could be achieved [28]. Yan, Jin, Y. Heng-Hu, Y. Hong, Z. Feng, L. Zhen,
W. Ping and Y. Yan studied the relation between valve and acoustic emission. A review of the
applications of AE techniques for detecting the condition and faults of valves was presented.
The popular parameters analysis methods were discussed. The parameter of AEms is proved to
have a strong relationship with the fluid parameters and the valve parameters, such as the valve
types and valve size, the leakage rate, the inlet pressure, and the types of fluid. The detection
of leakage, condition monitoring of faults, cavitation detection of valves, and portable
measurement device were proposed in this review [29].
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Bezn and Joon-Hyun Lee et al suggested that AEms (Vims in the figure) could be used to
determinate the open and close positions of valves, such as relief and safety valves, and also to
indicate aging and degradation of check valves in nuclear power plants. The RMS values of AE
signal in different failure modes are shown in figure 2.1 [30].
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Figure 2.1 RMS values of the acoustic signals: (a) disk wear and (b) foreign objects [30].

Typical AE system comprises of several AE electronic modules such as AE sensors,
preamplifiers, filters, amplifiers, and a data acquisition system. In order to eliminate
background noise, a band-pass filter operated in the range of 100 kHz to 400 kHz [3] is normally
used. For continuous AE signal, the most frequently used AE parameters are (AEms) and
(ASL). The AEms is the root mean square value of the AE signal. Since Acoustic Emission
activity is attributed to rapid releases of energy in the material, the energy content of the acoustic
emission signal is related to this energy release. AE:ms can be defined as:

23

Where v is the voltage signal from an AE sensor, t0 the initial time, T the integration time of
the signal and N the number of discrete AE data within the interval T. Another AE parameter,
which is often used, is the Average Signal Level (ASL) defined as:

to+T N
1 1
ASL, =?J v (t)dt| =N2|v(n)| 24
to n=1
ASL,

ASLyz = 20log 2.5

1w
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Where ASLy is an average signal level in volts and ASLg4s an average signal level in decibel
(dB) [31]. The leakage rate can be calculated from differential pressure of the chamber from
the equation.

(AP/Py)
AT

Q=Vx 2.6
Where Q is the leakage rate (ml/sec), V the volume of the chamber, AT the time span of the
testing, AP the pressure increased over the time AT, and P1 the system pressure.

W. Kaewwaewnoi, A. Prateepasen and A. Kaewtrakulpong presented a novel method to find
the relation between AEms of AE and valve leakage rate detection [32]. This method aims at
transferring the information between AE inspection systems using different types of sensors by
relationship called a transfer function. The results demonstrated a very good similarity transfer
function in various conditions.

The experiment had been conducted using three sizes of ball valve of diameter 1, 2 and 3 inches
and inlet pressure between 1-5 bars. The result was investigated.

log(Q) = 1,782log(AE,n,s) — 0,543log(P) + 0,320log(S) — 3,55 2.7

Where Q is the leakage rate in ml/sec, P the inlet pressure in bars and S the valve size in
inches.

The figure 2.2 shows the relationship between AEms and the leakage rate at 5 bars of different
valve sizes. AE signals from different sensors were studied to establish the correlation in form
of frequency response ratio of RMS.
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Figure 2.2 Relationship between AEums and leakage rates of linch ball valve at different
pressures and leakage rates of different valve sizes at P = 5 bar [32].

2.2.Location of leakage

Several researchers has studied The AE since 1980s. Kupperman et al. demonstrated that the
leak detection in reactor components with acoustic emission with the minimum leak; however,
the threshold to detect the leak rate depends on pipe geometry, material, internal pressure and
measurement system selected [33]. Miller et al. designed a reference standard pipe to evaluate
the AE equipment for leak detection. The fundamental advantage of the AE method is the
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capability to pinpoint the leak location in real time [34]. Grabec developed leak localization
using cross correlation technique, which has limited success due to the influence of reflected
waves and multiple wave modes. There are many studies since then to improve the location
accuracy of continuous emissions [35]. Gao et al. also studied the effect of filtering on leak
detection in plastic water pipelines [36|. Fukuda and Mitsuoka applied pre-whitening filter to
AE waveforms to improve the leak detection and location through identifying a definite peak
in the result of cross correlation of two waveforms [37]. Wavelet transformation is implemented
to analyse complex leak signatures [38]. Jiao et al. used the dispersion curves of pipelines to
identify the leak location with single sensor while the waveform can be influenced with
reflections and multiple-sources in a realistic test. However, for any leak localization method,
the dispersion (wave mode and frequency dependent velocity) and attenuation limit the
minimum detectable leak rate and the maximum sensor spacing [39]|. Muggleton et al. studied
wave attenuation in plastic water pipes for frequencies less than 1 kHz. The attenuation factor
depends on pipe material and geometry, surrounding medium and internal medium [40]. The
leak detection and location in gas pipelines are more challenging than water pipelines because
of smaller particle size of gas as compared to water that is the main source of AE through
creating turbulence event at the leak location. Leak detection and location becomes more
challenging for soil-buried pipelines as compared to on-ground pipelines or submerged
pipelines. The reliable leak detection using the AE method requires understanding leak
waveform characteristics as a function of pipe operational conditions and estimating the signal
attenuation to define the discrete sensor spacing for pinpointing leak position spatially. The leak
detection in gas pipelines using a continuous monitoring system can be used as an early
diagnostic tool to prevent catastrophic failures [41].

The AE amplitudes for different leak conditions are presented in figure 2.3. The AE amplitude
increases when the pressure increases. There is a slight difference in the responses of two
sensors that reflects into the output signal. When the leak size or the orifice size increases, the
AE amplitude increases as well. When the pressure increases the turbulence at the leak location
increases and causes more chaotic behaviour and higher impacts, consequently, higher
amplitude elastic waves, which agrees with the result of Yang et al. [42]. There is an exception
for the fully buried case that the AE amplitudes of orifices 2 and 3 indicate similar trends with
the pressure change.

Fully Buried Pipe Partially Buried Pipe Unburied Pipe

———orifice 1,ch1
9| —o— orifice 2,chl { & 1 9
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Figure 2.3 Leak waveform (time versus voltage) for unburied [42].

The leak AE amplitudes are driven for specific pipe geometry and leak simulator design. It is
important to note that the amplitudes may show some variations depending on pipe thickness
and geometry of leak hole.
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The arrival time difference is the most critical input to the leak location algorithm as there is no
well-defined arrival time of continuous emissions. The cross correlation function is typically
used to determine the arrival time difference while this approach has limited success if the
waveform includes reflected waves as in the case of this study as discussed in the introduction
section . However, the AE method is a statistical method; therefore, an accumulation of an event
cluster would be sufficient to pinpoint the leak location. The cross correlation function for
discrete and finite duration signals is defined as:

Ry,y, (1) = Z y1(®) yo(t + 1) 2.8

Where Ry, ,, (1) is the cross correlation coefficient of two signals, y1 and y2, as a function of a

time delay 7, N is the length of signal. The time delay becomes the input to the equation for
linear localization as:

WV(f,h)+L
TV 29

Where L is the distance between the sensors and V is the wave velocity, which depends on the
frequency and the pipe thickness. The equation is valid if the source to sensor path is straight.
Ozevin and Harding showed that the leak can be localized in multi-dimensional space using the
linear localization equation and the geometric connectivity of the pipeline networks, which
eliminates the limitation of source-sensor direct path need. Using the equations above, the leak
location in the model pipeline is identified [43].

Z. Farova, Z. Prevorovsk , V. Kus, Serge Dos Santos studied AE localization and sources using
Time reversal in nonlinearity position in the material applying TR operator to AE signal.
Convolutional signal was obtained in the closest neighbourhood of acoustic source. The
mathematical background was described for backside deconvolution by the Green functions.
The disadvantage of this experiment is the initial source position localized beforehand because
the measurements of the TR signal has to be done at the initial source position [44].

Shama et al. simulated a section of underwater oil pipeline to study the possibility of using AE
technology to monitor leakage in a submarine oil pipeline. The researchers set up various
defects and leaks with different flow rates in the pipelines [45]. The results show that AE can
monitor and identify leakage in underwater oil pipelines. To address the inconvenience of leak
measurement in long-distance buried pipelines, Xu et al. designed a guide rod that can be
inserted into the soil. This rod extends directly to the surface of the pipeline. The AE
information transmitted by the guide rod is used to locate the damaged area [46]. For pipeline
leakage with high-pressure gas, Mostafa pour et al. deduced the radial displacement of pipeline
vibration in AE wave propagation and compared the measured signal spectrum with numerical
simulation calculation, proving that the AE stress wave can theoretically be used in pipeline
leakage detection. To solve two problems related to leakage monitoring in buried liquid-filled
pipes. This study attempts to locate the AE sensors installed inside a pipeline to collect leakage
signals and to verify the effectiveness of the method used. This provides a basis for subsequent
built-in self- capacitive AE sensors to monitor the damage of fluid - filled pipelines. In addition,
to identifying leakage types and locations. Moreover, the time-delay estimation method is
employed to accurately locate the leakage source in the pipeline [47]. S. Davoodi and A.
Mostafapour studied pipe radial displacement caused by acoustic emission due to the leakage.
[48].
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Figure 2.4 FFT results of test no. 1 for sensor S1 (a) experimental, (b) theoretical [48].

A. Anastasopoulos, D. Kourousis and K. Bollas [49] studied service buried pipelines of different
sizes. It is a common understanding in all the above works that AE can be produced by the
highly unstable turbulent pressure field at the orifice, and the condition of detection is that the
Reynolds number. The flow is laminar when Re < 2300, transient when 2300 < Re < 4000,
turbulent when Re > 4000 at the orifice, to ensure turbulent flow. The corresponding AE signals
generated are of a ‘“continuous” nature. Additional sources that may produce AE in the
occasion. Re = Reynolds number of a leak are local crack/orifice growth, cavitation due to local
sub-pressure at the orifice, temporary entrapments and impacts of solid particles at the orifice,
soil movements, or even external sources such as impacts etc., which are mainly “burst” type
sources. The generated AE waves from such sources propagate through the fluid or through the
pipeline itself.
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Figure 2.5 ASL vs. channel (top) and linear location indicating the leak point based on
number of hits, energy and counts (bottom) of the acquired signals, after only 240 seconds of
acquisition [49].

The suspect section of pipe can be isolated and pressurized to 4 to 9 bar, while the desired
minimum pressure is above 10 bar. Based on experience, excavations and measurements are
performed using low-frequency resonant sensors at about every 100 m.

Real-time linear location during acquisition provides most of the times a precise leak position
within a few minutes, without any further analysis and the leak is confirmed immediately.
Augutis and Saunoris studied fundamentally two types of detection method. The first one
consists of a microphone that picks up airborne ultrasound, typically in the 35 to 450 kHz
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frequency range. The second method detects structure-borne signals by attaching a sensor on
the structure. Such a practice utilizes the technique of acoustic emission and is capable of leak
location, continuous on-line monitoring hard-to-access location. Effectively applying acoustic
detection methods requires full characterization of the particular leak signals, including the
frequency spectrum, attenuation, and minimum leak rate detectable under given test conditions.
Using results obtained through this study, an optimum detection system can be set up for either
short term proof tests or long-term surveillance [50].

2.3. High frequency and pneumatic cylinders 2.3

Yan, Jin, Y. Heng-Hu, Y. Hong, Z. Feng, L. Zhen, W. Ping and Y. Yan studied Pneumatic
cylinders. They are wearing down and it is an urgent problem to diagnose working conditions
of pneumatic cylinders. The diagnostics of pneumatic cylinders is mostly based on pressure
measurements and visual methods. The visual methods are simple and cheap, but inaccurate
[51].
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Figure 2.6 Power spectrum densities of the HFV high frequency voltage at various
measurement points: a) new pneumatic cylinder; b) worn pneumatic cylinder [51].

While the pneumatic cylinder is working, the pneumatic cylinder housing is wearing down due
to the piston repeated movement. This causes the leak between the piston and the pneumatic
cylinder housing. It was found that the leak causes higher intensity of the. HFV. The parameters
of the HFV may be used for the diagnostics of pneumatic cylinder.

The HFV are generated inside the object under investigation while the pneumatic cylinder
works. The generated HFV signal is the noise type non-stationary signal. The basic
characteristics of the generated HFV, which are measured, are root mean square value, the
envelope of the root mean square values and the power spectrum density.

The friction between the piston and pneumatic cylinder housing is a dominating factor in the
formation of the HFV in the worn pneumatic cylinder. It was found that the influence of the
friction is approximately 10 times bigger than the influence of the leak between the piston and
the pneumatic cylinder. In the new pneumatic cylinder, the HFV are generated just due to the
friction between the piston and the pneumatic cylinder housing. The intensity of the HFV on
the worn pneumatic cylinder housing is about 5 times higher than the intensity of the HFV
measured inside of the pneumatic cylinder. Correlation of AE signals from two AE systems
with valve leakage rate detection application was studied in various conditions including
different valve leak sizes and inlet pressures. Nevertheless, the result is still practically useful
with the application of AE.ns instead of individual frequencies of the whole spectrum.
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2.4.Cylinder and loading

T. Fujita, J. Jang, T. Kagawa and M. Takeuchi [52] studied that drive a pneumatic cylinder,
meter-out circuit is used in many cases, since time to move the piston is constant even if the
load is changed. That is, the meter-out restriction method realized velocity control. However,
this principle of velocity control has not been explained sufficiently. The purpose of this study
is to clarify the velocity control mechanism. Consequently, six parameters controlling the
cylinder response are obtained. As a result, by drawing the block diagram of cylinder system,
it is found that the compliance of a cylinder makes the feedback loop in cylinder velocity and
the flow characteristics of retread in damping compensates the constant velocity for changing
a load force.

M. Doll, R. Neumann and O. Sawodny [53] studied dimensioning pneumatic cylinders for
motion tasks, considered the standard pneumatic cylinders with common directional control
valves and exhaust flow throttles. The dimensioning of the cylinders for point-to-point motions
is regarding energy efficiency. The proposed strategy is based on the Eigen frequency and
considers similarity transformations.

Position [m] Velocity [m/s]

—0.02

0 0.05 0.1 015 02 0 005 0.1 0.15 0.2
Time [s] Time [s]
Figure 2.7 Tllustration of a similar system dynamics between two systems [53].

This paper shows a new approach for sizing pneumatic cylinders. Eigen-frequency of a
pneumatic cylinder is a characteristic quantity expressing the possible speed of the system. A
new characteristic factor is introduced with the PFR, which expresses the ratio between the
demanded speed and the possible speed. The dimensioning approach is validated by using the
differential equations of the system dynamics. It is shown that the PFR approach does not
compensate all the nonlinearities; especially where the friction force has an influence on
residual errors. The PFR expresses that an energy efficient dimensioning is achieved, if both
the FEigen-frequency and the frequency correlated to the transition time match, i.e. Q= 1. It is
shown that the PFR characterises the system dynamics, for instance it can be used for
classification purposes.
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3. Analysis and evaluation of references 3

Effectively applying acoustic detection methods requires full characterization of the particular
leak signals, including the frequency spectrum, attenuation, and minimum leak rate detectable
under given test conditions. Testing methods of leaks is rarely used to test the leak in cylinders.
Our test was to reduce the noise by the filters and in the [ 10-12] they tried to apply AE to detect
leak and reduce the noises and to find the relation between the AE parameters and leak. All
experiments had tried the frequency spectrum in the first [ 13 - 18]. Modelling an internal leak
in a valve with unknown leak geometry is inherently difficult to detect and presenting
relationship between AE parameters and the leakage rate. The flow is laminar when Reynolds
number Re < 2300, transient when 2300 < Re < 4000, turbulent when Re > 4000 at the orifice
[ 19]. The power spectrum density of fresh water was greater than the compressed air because
the acoustic impedance of water was closer to that of the valve material.

Mobile diagnostic tool using AE methods with greater sensitivity of detection of defects using
sensors [20-24].

For continuous AE signal from both time and frequency domains, the most frequently used AE
parameters are the average energy (AEms) and the Average Signal Level (ASL), The AErms
increased with inlet pressure, which was similar to the relationship between the AErms and the
leakage rate. The AErms was inversely proportional to the size of valve. The AErms was
inversely proportional to the flow coefficient [25 - 31]. When the leak rate increases the
amplitude of RMS increases with constant pressure and different valve size or in constant valve
size and different pressure. All results have shown that the AE technique can work well in the
field of valves [32].

Leakage may also be characterized by the effective diameter of leakage orifice. A method of
indirect orifice diameter estimation using working pressure and flow rate pattern magnitude of
initial cylinder operation phase was presented. Comparing with other leak detection techniques,
acoustic emission methods give strong advantages in regard to leak location, continuous on-
line surveillance, high sensitivity, quick response time, monitoring hard to-access locations,
and potential estimation of leak rate. Typical AE is able to determine the location of defect in
all last researches [33 - 50]. The obtained signal very similar to the initial AE signal by
experimental deconvolution using TRA principle to localize the sources of AE [44].

All defects are undesirable. The applications of new processing methods of AE signals
including fast Fourier transform (FFT), wavelet transform, Hilbert-Huang transform (HHT),
neural networks, and genetic algorithm in valves are presented. AE activities increases when
there is leakage when the leak rate increases the amplitude of AE increases [51].

By using only, a restriction the meter-out circuit realizes velocity control. The load change does
not affect much the piston velocity. It can be used to dimension systems with approximately
constant speed, and it delivers interesting relations between all the system parameters.
Furthermore, it can be used to increase energy efficiency by calculating a reduced, correct
pressure level for existing [52,53].
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4

4. Aim of Thesis

4.1. Objectives of the research
The aim of this work is to develop a new efficient diagnostic procedure for checking the
function of pneumatic cylinders using acoustic emission.
This diagnostic procedure is able to detect distinctive differences that determine whether the
cylinder is damaged or undamaged by finding a typical acoustic emission signal that associated
with a particular type of damage, which it happens by select the necessary parameters of AE.

Determination of the relationship between parameters of AE and defects in the cylinders,
precisely the relation between RMS of AE and the leakage that elucidates the rate and the
location of leakage.

The possibility to determine the type of defects in the cylinders after production in order to
change the damaged parts

The possibility to determine the quality of cylinders after production, and Predict the defect
during actual operation of the cylinder (online checking) and determining the level of danger.
Determination of the diagnostic criteria that evaluate the quality of the pneumatic cylinder and
detect the defects, these diagnostic criteria are inserted later by MATLAB to make a program
that is capable of evaluate the cylinders.

The novelty of the proposed solution lies in a very new concept for mobile diagnostic tool using
AE methods with greater sensitivity of detection of defects. Simplified designing process of
electronic equipment for data capture development and evaluation software.

4.2.Diagnostic criteria

1. The RMS was normalized, and the different responses between damaged and undamaged
pneumatic cylinders were recognized by the time delay of the strokes.

2. The differences were identified by comparing the max RMS from the sensor fixed in the
head cap of the cylinder and the max RMS from the sensor fixed in the rear cap of the
cylinder for one cycle in the retreat stroke.

3. The damaged and undamaged cylinders were distinguished using the difference in energy
values present in the signals from the two sensors in the retreat stroke.

4. The final evaluation of the cylinder was determined by the calculation of the total value of
RMS.

4.3. Hypotheses and Questions.
4.3.1. The problem that we face in the work (disadvantages)
The different behaviour of recorded signal in undamaged cylinders.
Assembly of sensors on the cylinder and the type of the cylinders.
The noise is in the signal.
The signal is mixture noise of mechanical movement and pressure air inlet and outlet.

b=

4.3.2. Hypotheses
The changing of signal takes place when the cushion portion piston inserts to cushion seal
causing the initiation of throttling or damping.
When the value of the leak usually increases the signal of AE increases.
The allowance of leakage value in the cylinder is no more than 6 pa/s.
The flow is laminar when Reynolds number Re < 2300, transient when 2300 < Re < 4000,
turbulent when Re > 4000 at the orifice.
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4.3.3. Scientific questions

1. What is the relationship between pressure in the pneumatic cylinder and the AE?
2. What is the relationship between the kinematic energy in the cylinder and AE?
3. What is the relationship between the friction and AE?

4. What are the effects of the mixing defects in the cylinder to the AE?

5. What are the suitable conditions of testing the cylinder using AE?

e
'

4.4. Thesis layout

1. Finding the relationship between AE and the leakage using frequency spectrum.

2. Finding the relationship between typical acoustic emission signal and particular type of
damage in the cylinder using RMS.

3. To find distinctive differences that determine whether the cylinder is damaged or
undamaged.

4. The relationship between AE parameters and loaded cylinders.
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S S. Experiment, Measurement and Methods

—  S.1.Pneumatic actuators
Pneumatic actuator is a device, which transform the energy from a compressed air supply into
a linear or rotary movement. In essence, actuators are providing specific tasks such as clamping,
picking and placing, filling, ejecting and tool changing. Rapid changes in market requirements
and a demand for smaller but more powerful and efficient devices made a wide range of
actuators.

5.1.1. Types of cylinder
Three types of cylinders were tested - PS, PB and RD (producer Polices strojirny a.s.).
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Figure 5.1 Types of tested pneumatic cylinders.

All results of this work is depending on PS pneumatic cylinders as shown in figure 5.2.

Figure 5.2 Parts of pneumatic cylinder PS.
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(1) Cylinder body (barrel). (2) Head cap. (3) Rear cap. (4) Rod Bearing. (5) Rod wiper (Wiper
Seal). (6) Rod Seal lip-seal. (7) Needle valve. (8) Head and rear Piston. (9) Piston fastener (Tie
Rods). (10) O- ring seal piston fastener. (11) Piston seal lip-seal. (12) Piston seal bumper seal.
(13) Magnetic ring. (14) Head cap fastener. (15) Rear Cap fastener. (16) Head cap cushion, rear
cap cushion. (17) O- Ring seal needle valve. (18)O- Ring seal cap cushion. (19) Piston rod. (20)
Throttle needle valve. (21) O- ring seal throttle needle valve. (22) Throttle knop. (23) Cushion
check seal. (24) Porting.

The characterization of PS actuator: width 50mm, inside diameter 40mm, stroke 100mm, and
diameter of rod 12mm port 6mm. The process of understanding of defects requires detailed
knowledge of the different parts of the cylinder. The main parts are shown in figure 5.2.

5.1.2 Principle of pneumatic cylinder work

Each cycle of the cylinder is divided into two strokes: the progress and retreat strokes.
Progress stroke

The valve is opened by a digital input, and the air starts entering through port B in the rear cap
to the damping area, the air passes around the cushion throttle and then through the throttle
nozzle to the space between the cushion seal lip and the damping rear piston. When the
minimum required pressure is reached the piston starts moving from the BDC (bottom dead
centre), and the piston extends to reach the TDC (top dead centre). The cushion head piston
pushes out the air to expel it through port A in the head cap. The damping phase starts when
the head damping piston touches the head seal cushion at a distance of 21.7mm. In the damping
phase the air is pushed through the throttle nozzle only, until the piston reaches the TDC. The
end of the progress stroke is when the head cushion piston impacts the head cushion cap. The
air is supplied from Port B during this stroke and the air of chamber A is vented to the
atmosphere, see figure 5.3.

c) Initiation of damping, b) Piston leaving the damping area, a) Initiation of piston
movement.

Figure 5.3 Progress stroke steps and position of piston.
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Retreat stroke

The valve is opened by a digital input, and the air starts entering through port A in the head cap,
to the damping area. The air passes around the cushion throttle and then through the throttle
nozzle to the space between the cushion seal lip and the damping head piston. When the
minimum required pressure is reached the piston starts moving from the TDC, and the piston
eventually retreats to the BDC. The cushion rear piston pushes out the air to expel it through
the port A. The rear damping piston is inserted into the rear seal cushion at a distance of 21.7mm
before the BDC. Subsequently, the damping phase starts when the air is pushed only through
the throttle nozzle and continues, until the rear cushion piston impacts the rear cushion cap, to
finish the retreat stroke. The air is supplied through port A during the retreat stroke and the air
of chamber B is vented to the atmosphere, see figure 5.4.

1,23

——

Figure 5.4 Retreat stroke steps and position of piston.
5.2. Defects

All defects are undesirable. Defects may affect the function of the product and deteriorate its
parameters, possibly it causes disorder in the product which is no longer able to fulfil its
function. Defects can arise in the production stage, damage by external influences, wear,
fatigue, etc. AE diagnostic methods for the pneumatic elements is projected to increase the
quality in the production process, the possibility to detect damage during operation and
diagnostic status and to predict fatal malfunction. Possible defects of the cylinders based on
their construction in condition of operation. Early detection of defects can prevent critical
equipment failure. The existence of the detection coefficient facilitates the evaluation of defects,
taking values that range from 1 to 10, with 10 being highly difficult to detect. The detection
coefficient was taken from the method FMEA (Failure Mode and Effects Analysis) and was
developed and classified using AE. These tests achieved impressive results, which
demonstrated that the detection coefficient from AE produces small values compared with other
non-destructive testing methods. Defects can be evaluated according to the criteria of their
relevance to the customer. The Coefficient "S" expresses the severity of a particular defect,
taken from the method FMEA.This parameter is given in two forms: "S1" for a single defect
with no consequences, and "S2" reflecting the worst possible consequences, which may indicate
a defect [54].
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5.2.1. Leakage

Leakage is caused by deterioration or loss of sealing function, damage of the seals surfaces of
the components or through the part. Note: This list excludes defects that are recognizable
outside the control of the test, such as: fittings and bolts are tightened, there is no obvious
mechanical damage of cylinder. Leaks in the end position when the pressure above the piston /
retracted piston rod [54].

I

Figure 5.5 Leaks above the piston in the retreat stroke [54].

NP1. Rod wiper seal in the head cap, NP02. Rod wiper seal in the head cap, NP3. Head cap,
NP4. Sealing the barrel on the head cap, NP05. Sealing the front, Piston seal bumper seal,
NP6. Sealing the front Piston seal lib seal, NP07. Sealing the front and rear piston O- ring seal
piston fastener, NP8. Sealing the front of the piston on the piston rod, NP9. Seal porting,
NP10. Seal throttle needle.
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Sl 7
kf‘l‘.

[~ 7 7 /] r’....‘..’

PPO8
Figure 5.6 Leaks below the piston in progress stroke [54].

PPO1. Sealing the rear piston in the barrel, PP02. Sealing the rear piston in the barrel, PP03.
Sealing the rear piston on the piston rod, PP04. Sealing the front and rear piston O- ring seal
piston fastener, PP0S5. Sealing the barrel in the rear cap, PP06. The rear cap, PP07. Seal
porting, PP08. Seal throttle needle.
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5.2.2. Leaks in motion
When the damping is on, before reaching of end position. Throttle needle was deteriorated it

makes leakage, then damping is lost [54].

VP01 VP02

7

. . 7. ";IIIII.’% s /II. S,

Figure 5.7 Leaks during damping in progress stroke [54].
VPO1. Damping and throttling in the head cap, VP02. Damping and throttling in the head cap.

Figure 5.8 Leaks during damping in retreat stroke [54].

ZP01. Damping and throttling in the rear cap, ZP02. Damping and throttling in the rear cap.

5.2.3. Galling

During operation the sliding surfaces may cause deterioration in the friction conditions. The
result is a deterioration of the cylinders, reduce the force on the piston rod during ejection and
retraction, unwanted sound speeches or complete loss of function [53].

Z01Z02

Figure 5.9 Places of galling [54].
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Z01. Rod seal in the head cap, Z02. case in the head cap, Z03. Cushion check seal in the head
cap, Z04. Cylinder tube (barrel), Z05 Cylinder tube (barrel)., Z06. Cushion check seal in the
rear cap.

5.2.4. Mechanical defects

Many mechanical defects can include damage of parts from an external force, the loss of thread
connection with their subsequent to release parts and high cycle fatigue damage. Damage from
the external force, which may not be visible from outside as bending rod, which can cause
irregularities in operation of certain sections of the stroke of the cylinder or even blocked.
Loosening of bolted joints, damage of caps, can exhaust the cylinder with the destruction of the
above-mentioned serious consequences indications such disorders at an early stage can
significantly contribute to the prevention of serious accidents [54].

Mo1 Moz Mo3
/\

Figure 5.10 Mechanical defects [54].

MO1. Damage to the head cap, M02. Deflection rod, M03. Loosening the screws of the head
cap, M04. Release piston, M05. Loosening the screws of the rear cap, M06. Damage to the
rear cap.

5.3. Types of specific defects
All defects are undesirable. Defects may affect the function of the product and cause
malfunctions. The defects were simulated and made artificially: leakage, leaks in motion,
galling and mechanical defects.
Three types of defects were chosen. All have a high value of detection coefficient

5.3.1. Mechanical defect M04

In this type of defect, the piston was loosened a quarter of a turn on the undamaged cylinders
(MO04) to allow some clearance for the magnetic ring (13) in figure 5.2 of about 0.3 mm, and
some glue on the piston seal bumper was left. Leakage was measured using (ATEQ F 520) (a
device for measuring leaks). The result was about two Pa/s, which means the leak was
negligible.

5.3.2. Unsealed O-ring and notched piston thread leakage — NP08, PP03

A defect was created in undamaged cylinder No.21: an unsealed O-ring number (10) in figure
5.2 between the piston (8) and piston rod (19) produced a leak between the piston (8) and the
thread (9) on the inner side. The application of soapy water demonstrated that the cylinder
produced a leak around the piston rod. Measurements by ATEQ on the cylinder showed that
the value of the leak at a pressure below the piston (progress stroke) is 78Pa/s, and the value of
the leak at a pressure above the piston (retreat stroke) is 93Pa/s, (a suitable value for the actuator
cylinder 6 Pa/sec).

5.3
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5.3.3. Unsealed O-ring, leakage between front and rear Piston - NP07

A defect was created in undamaged cylinder No.32: a missing O-ring number (10) in figure 5.2,
between head and rear piston (8). Application of soapy water demonstrated that the cylinder
produced a leak between the front and rear piston. Measurements by ATEQ on the cylinder
showed that the value of the leak at a pressure above the piston (retreat stroke) is 410 Pa/s, and
there was no leakage at a pressure below the piston (progress stroke).

= 5.4. Equations

AEs can be defined as:
to+T N
AE = 1f 2(t)dt = 12 2(n) 5.1
rms = T v = |y v2(n .
to n=1

Here, v is the voltage signal from an AE sensor, ¢ the initial time, 7 the integration time of the
signal, and N the number of discrete AE data within the interval 7. Thus, we are attempting to
highlight the parameter RMS.

Root Mean Square and Energy defined as:

V] 5.2

E=zu§*dT [V2 x5 * ohim] 53

Where N discrete voltage values sampled over the measurement period, u is voltage, dT is the
value of sampling (in our case 0.004s).

= 35.5. Stand of the experiment

5.5.1. Horizontal stands for pneumatic cylinder without load

At Brno University of Technology, there are in the lab the experiment platform, test devices
and some equipment including damaged and undamaged cylinders. The experiment platform
contains testing devices including tested cylinders PS ISO Piston diameter 40mm, piston stroke
100 mm, thread M12x1.25, air pressure supply 6 bar, pneumatic control system, linear
potentiometer (working range of potentiometer is 0-200 mm, global measurement period is
156.25 Hz). Two magnetic sensors were positioned at the piston track to define the start and
the end of the stroke by controlling the beginning of progress and retreat strokes. The distance
between them is 100 mm and the AE monitoring system with the analyser DAKEL-ZEDO with
two channels. Global measurement period of AE parameters (RMS, Energy) (sampling) is 250
Hz (0.004 s). AE piezoelectric sensors IDK-14 built-in preamplifier 34 dB frequency range [10-
400 kHz]. Two sensors were installed at the cylinder and were referred to as (A) on the head
cap and (B) on the rear cap. A scheme for the connection of components of experiment is shown
in figures 5.11 and 5.12.
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—

Figure 5.11 Assembly of experimental equipment.

When the progress stroke begin by the digital signal in the valve until magnetic sensor, then the
retreat stroke begin. The AE signal recorded by two sensors which are installed at different
positions of the cylinder. left sensor placed on the head cap (A, Red). The right sensor (B, blue).

Progress stroke  Retreat stroke
1 I

RMS mV

mmi 2 3 4 5 & 7 8 9 10

Displacement mm

magnetic 0
sensor

Tested Cylinder

—
Sensor A Displacement Linear Potentiometer

Sensor B
I

AE Analyzer

Figure 5.12 schematic drawing of the experiment.

5.5.2. Vertical stands for pneumatic cylinder with loads

The equipment used to conduct the experiment includes tested cylinders PS ISO Piston diameter
40mm, Piston stroke 100mm, Thread M12x1.25, AE sensors IDK-14 Built-in preamplifier 35
dB, air pressure supply, pneumatic control system, linear potentiometer and the AE monitoring
system with the analyser DAKEL-ZEDO with two channels and different weights. The cylinder
is put in the vertical position with loading and the locations of AE sensors are on head cap A
and rear cap B of the cylinder body as shown in figures 5.13 and 5.14.
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Magnetic sensor
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a) Loading below the rod of cylinder b) Loading above the rod of cylinder
Figure 5.13 Schematic drawing of the experiment equipment in Vertical position.
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a) Loading below the rod of cylinder b) Loading above the rod of cylinder
Figure 5.14 Assembly of experimental equipment in vertical position.
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5.6. Types of sensors of acoustic emission
Several types of transducers can be used for this: piezoelectric, capacitance, electromagnetic
and optical. The last two are non-contact, but electromagnetic transducers are considerably less
sensitive than piezoelectric transducers [ 55]. Piezoelectric transducers are the most popular and
are of either a broadband or a resonance type. The transducers are made by using a special
ceramic, usually Porous Lead Zirconated Titanite (PZT), figure 5.15 shows a schematic view
of a piezoelectric transducer and how an AE is converted into an electric representation. The
transducers are pressed up against the surface of the material and the vibration is transferred to
the PZT inside the transducer through the wear plate. When the PZT element vibrates, it
generates an electric signal. The transducer’s signal is, therefore, a 1D voltage-time
representation of the 3D displacement-time wave that it senses [55].

Lid
—

Case —>»
PZT element

Wear plate

Internal preamplifier (optional)

Caonneclor

A component of
the AE excites the PZT

An electronic representation of
the AE which excited the PZT

.

SOWIN i

AE source

Propagating AE

Figure 5.15 Illustration of a typical resonant piezoelectric AE transducer and how an AE is
converted into an electric representation [55].

Table 5.1 Two types of sensors are used in our testing [56].

5.6

Type of sensors

a) Model IDK-09

b) Model IDK-14AS

Dimensions

Diameter 9mm, height 9mm

Diameter 14 mm, height 6
mm

Case material

Stainless steel

Stainless steel

Face material

Ceramic
Contact area D 6mm

Ceramic
Contact area diameter 1 1mm

Coaxial cable D 1.7mm with

Coaxial cable D 1.7mm with

Output BNC connector BNC connector
Piezoceramic martial PZT class 200 PZT class 200

- D - +
Operation temperature -20C to +95 C ADLE Rt UL wern ©

IDK 14: -20C to +95 C

Recommended applications

Laboratory and industrial
using on small objects

Laboratory and industrial
using on small objects

Preamplifier

None

None

Mounting methods

magnetic or mechanical
holder

magnetic or mechanical
holder

Bandwidth

25-525 KHz

50-450 KHz
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\

e

a) Model IDK-09 b) Model IDK-14AS
Figure 5.16 Type of sensors [56].

5.7. Software and apparatus
5.7.1. Main application window ZDAEMON
The main application window consists of the following customizable parts:
1. Menu and Toolbars area.
2. System Map view — with hierarchic list of items representing all system functions: data
acquisition units, system alarms, localization groups, attenuation curves, recorded data readers,
importers, etc. Description of the individual System Map items will follow in the next sections.
3. Data Source List view — showing a list of data sources provided by currently selected System
Map item. Each such data source can be added to graph views for visualization.
4. Properties view — showing a list of properties of item or items currently selected in the System
Map or in any other view within the application window. ZEDO system configuration is
achieved by editing properties of various system items.

[112ED0 Daemon - Projecti =Dl x|
i File Edit View Data System Mindow Help
PNEH| A B S e m [R5 SOSU AR B LB 4 TR
RS _ 12 3|8
= o e G5 (A RNS s 55,05 RIS s 05,0 Cipaemert -
900 Tru —
ho0
Tne
1.0
100 1.0 {serial num:0000-0000)
AED0 fw 0.00 fpga:0.00
L1
00:00
o 1.1.2000/00:00:00.000_000_000
Save
ERROR -time not vaid
- 1% 0.0C (nin=0.0°C. max=0.0°C)
5 select
2 3
H Ftan
150 Rising Edge Detectors D (Al off)
Faling Edge Deteciors 0x0 (Al o)
160
170 108
A 048
1 0d8
i 048
Nam [ it [ ype B T i 0 048
LoARMS ™ aws s 60 85 70 15 &0 &% Tov
LOAASL ™ AsL wh 0.153mV
1.0A.Pawer v~z Power 0.615mV
L0A.UCKTO [Countsfs]  UCNTD 12V/820R
LOA.UCNT? [Countsfs]  UCNTL [)
LOAFONTD [Countsfs] T
1.0A.FCNT1 [Counts/s] FCNT1 5 MHz
LOAFONT2 [Counts]  FONT2 1\ zddova) awpc\ Debugh_x64\ZDacmonéd ini " Nornal (20 MB) =
LOAFCNT3 [Counts/s] ~ FCNT3 3\ awpe\ Debugi_xe4 " ZDeemon6s - log®
LOAFONT4 [Counts/s]  FONT4
s
0 fps, mem 0%, peak 0% lost0, xoff0) RX_0.0 Bps, peak 24.0 Bps 00 Bps, peak 6.0 Bps

Figure 5.17 ZDAEMON application window.
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5. Window area — used to position graph windows and other views, which are important for the
system operation.

6. Console Log view — text area containing important system messages and user notes. It
displays errors (red), warnings (orange), status messages (black) and other information (grey).
User is able to add comments by pressing the F9 key any time during operation. The user
messages are displayed in green colour.

7. Status line — shows key information about immediate communication throughput, data
recording state and provides hints to menu and toolbar items based on the mouse position.

5.7.2. MATLAB program

It is very important to use MS EXCEL and MATLAB to analyse the data because of the large
amount of data recorded from our measuring.

This program is able to open text and excel files that are exported from ZDAEMON and
calculate the RMS, Energy and differences. In addition, determine whether the cylinder
damaged or undamaged and this criterion is used in ZDAEMON and PNEU-ZEDO.

File  Operations modify £
T ||| Q| €[]«

Result
Cylinder No. Differences between B and A Type of Defect Sum RMS from Sensor B Count

Undamaged 197772 Undamaged 0.157396 Undamaged

%10
14 T T T T T T T I

Sensor A
Sensor B

initiation of retreat
12 —

RMS
=

06—

04 —

02—

| | | |
1.6 ol 26 3
Time s

Modify

A 65.0a-ae-parameters. it 5 55 Db-as-parameters bt Parameter Initiation of Retreat Color & Color B Size Legend
TimeRela... ~ 0 ~ Red ~ Blue ~ |10 [ Grid
Energy A 0.000385131 Energy B -7.12105e-05 Energy A-B 0.00031392

Figure 5.18 Interface for MATLAB program for pneumatic cylinder by acoustic emission.

The code of parameters calculation of this interface figure 5.18 in MATLAB programme is
written in the appendix of this work.
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6

6. Results and Discussion

6.1.Frequency spectrum of acoustic emission applied on pneumatic
actuator

The main aim of this part is to find a typical acoustic emission signal associated with a particular
type of damage in the cylinder. The acoustic emission signals that are obtained from the
undamaged cylinders are processed and analysed, after that different types of artificial defects
are made in the same cylinders. A new parameter "DAE", which is developed, evaluates and
classifies the level of damage detection on the basis of the recorded differences between
undamaged and damaged cylinders [57].

Event Signal - TACR-Brno-valec7-6bar (automatic) Event Signal - TACR-Brno-stredniValec7-6bar (automatic)

1536 1536

4 <«4¢

TDC BDC TDC BDC TDC BDC TDC

Amplitude (ADC)
Amplitude (ADC)

Time (s) - o " Time @
a) Undamaged cylinder. b) Damaged cylinder.
Figure 6.1 Waveforms for the undamaged and damaged cylinder.

Firstly, AE signal are obtained from cylinders without damage. After that, different types of
artificial defects are made in the same cylinders. The range of measuring frequencies of the
signal is approximately from 50 kHz to 400 kHz depending on AE sensors. The figures 6.1 and
6.2 show the record of one AE sensor placed in middle of the body of the undamaged cylinder.
The graph shows that AE sensor detects signal only from damping area. The frequency
spectrum changes over time depending on the type of damage and the number of completed
cycles. The figure 6.2 shows the signal envelope of initial run of cylinder No. 14; figure 6.3
shows the artificial mechanical damaged cylinder "Loosening 4 screws under the piston". All
figures were compared; the shapes of signals envelope are different.

Signal Envelope Signal Envelope

5 T 15 T
Envelope Maximun Envelope Maximum

Envelope Minimum Envelope Minimum
External lnput
pURS
l .
, [
\ r |
\

Time refative to the begilﬁning of meas‘épemem (s) 13 135 12 Time réilagﬁve to the beginning of meastirément (s)
a) Undamaged cylinder. b) Damaged cylinder.
Figure 6.2 Signal envelope of undamaged and damaged cylinder No. 14.

Amplitude mV/
i
Amplitude my
f=]

[EEr—————

14 145

12

Page

-32 -



Results and Discussion

Averaged Spectra - TACR-Brno-valec7-6bar (automatic) Averaged Spectra - TACR-Brno-stredni Valec7-6bar (automatic)
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a) Undamaged cylinder. b) Damaged cylinder.

Figure 6.3 Differences between damaged and undamaged cylinder by frequency spectrum.

The figures 6.4 and 6.5 show the frequency spectrum of undamaged and damaged cylinder No.
12 and 4. The amplitude spectrum and bandwidth of both cylinders in (b) is bigger than (a)
during determined time.

Averaged Spectra - TACR-Brno-valec12-6bar (automatic) Averaged Spectra - 20151208 - Valec12 poskozen (auto)
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a) Undamaged cylinder. b) Damaged cylinder.

Figure 6.4 Frequency spectrum of undamaged and damaged cylinder No. 12.
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Averaged Specira - TACR-Brmo-valecd-6bar (automatic) Average dSpecl - 20151208 - Valec: 4pask zen (autc)
’ ’ JT T —
iL2s

1 \ U

|’
| l\l q '(\W,u, il ‘ \' |
JW JML‘M o M‘Uﬁ‘ %Mh%«wwﬁ% Mw )H il w!‘\ W L{JMW e s

1
0 100 ) soo 400 500 600 0 800 [ 300 500 600 700 800

Frequency kHz Frequency kHz

a) Undamaged cylinder. b) Damaged cylinder.
Figure 6.5 Frequency spectrum of undamaged and damaged cylinder No. 4.
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There are always three basic characteristics specified bandwidth - BW1 (Almax to 100 kHz),
BW2 (A2max to 280 kHz) and BW3 (A3max to 360 kHz) and sizes amplitude spectrum.
Bandwidth for all test undamaged cylinders ranged from 50 to 120 kHz (BW1), 270 to 310 kHz
(BW2) and 340 to 370 kHz (BW3). The figure 6.6 shows that changes in the parameters BW,
A and the coefficient of detection "DAE" to the cylinders.
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Figure 6.6 Sample determination bandwidth max. Amplitude at cylinders undamaged PS.
BW, + BW, + BW; Ay + Ay + As
Avg = > +1000 « ———— 6.1
100 -2+ Av
AE = J 6.2
10

Where maxAvg = 50, minAdvg = 0, BW is bandwidth, A is amplitude.
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The basic criterion of the analysed signal is bandwidth "BW", the amplitude spectrum "A" and
the frequency spectrum. We have developed a new parameter "DAE", which evaluates and
classifies the level of detection (damage) based on the identified differences between
undamaged and damaged cylinder. The existence of the detection coefficient (D)facilitates the
evaluation of defects, taking values that range from 1 to 10, with 10 being highly difficult to
detect. The detection coefficient was taken from the method FMEA, was developed, and
classified using AE. These tests achieved impressive results, which demonstrated that the
detection coefficient from AE produces small values compared with other non-destructive
testing methods. The Coefficient "S" expresses the severity of a particular defect. This
parameter is given in two forms: "S1" for a single defect with no consequences and "S2"
reflecting the worst possible consequences, which may indicate a defect.

Table 6.1 provides some types of artificial defects of cylinders and assessment of changes in
the monitored parameters of cylinders and constitutes a significant factor Dag. The changes
(percentage) were registered in cylinders No. 4, 12 and 14, of which were most pronounced.

Table 6.1 Coefficient of revelation "DAE" for cylinders.

Type of BW 0 Avg
No Jefect the defect %) A (%) %) S1 | S2 | Dl DAE
NP 02 2x in ;I;(e) ;151glercut 3 5 |3
1 11.7 10 21.7 5.7
Damaged surface of
PP 05a e gy 4 | 6 |4
NP 01 Incised seals 3 513
2 Incised O-ring 5.3 17.3 22.6 5.5
R throttle needle 3 Rk
Damage to the
3 | NP0 cylinder body 16.3 13 203 | 4814 4
Z 06 Incised cushion seal 3 6 |8
PP 03 Missing O-ring on 3 [10]9
4 PP 04 the piston rod 2 S 40.3 3 11019 1.9
5 M 04 Released piston 19.7 3 22.7 2 |10 [9] 5.5
6 NP 06 Two notches on seal | 14.3 8.3 22.6 3 5 | 8] 5.5
7 PP 01 Two notches on seal | 25.3 8.8 34.1 3 5 | 8] 3.2
8 NP 05 Two notches on seal | 16.7 8.7 254 3 5 |8 49
9 PP 02 Two notches on seal | 13.3 6.7 20 3 5 18] 6
NP 09 Missing O-ring 3 513
10 PP 07 Cutting the O-ring 1 12.7 237 3 513 33
11 | Nppo | CuttingtheOringont »o4 1 45 | 353 | 3 | 5 |3] 209
throttling
NP 07 | Cutting the O-ring on 3 [10]9
12 NP 08 the piston rod 2050 2L 329 3 11019 34
13 | Moz | Loosemngascrews | 5 | g 253 | 3 [ 10|7] 49
under the piston
14 | Moz | Loosemngdscrews | o5 | g5 16 |3 10]7] 638
under the piston
15 M 02 Curved rod 14.7 5 19.7 3 8 | 6] 6.1
16 PP 06 Opening the rear cap 11 5.7 16.7 3 |10 |7] 6.7
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Figure 6.7 Rate changes caused by that damage coefficient (D) and Defection (DAE).

The frequency spectrum was replaced later by the parameter RMS during the monitoring of
changes in the test results. This is possible by using a prototype of the newly developed
diagnostic equipment.

6.2. Leakage analysis of pneumatic cylinders

This chapter discusses the relationship between AE and different types of defects in pneumatic
cylinders, shedding light on a new approach to determining these types of defects and
distinguishing between them through Acoustic Emission. Difficulties that face the defects
detection process are related to the types of the defects, and the available methods for detection.
A detection coefficient has been assigned to each cylinder by applying different methods of
non-destructive testing, where a set of cylinders, which have defects that are difficult to detect,
were determined. Two of those defects in the cylinders are artificially made, and it is difficult
to discover the differences between undamaged and damaged cylinders in this set using current
methods. Therefore, the necessary parameters for comparison have been selected after
analysing the signals that were obtained from the tests. The average energy of Acoustic
Emission signal RMS gives a clear picture of the different responses between damaged and
undamaged pneumatic cylinders [58].

6.2.1. Kinematic scheme of intact cylinder

The signals which are recorded in each measurement of the intact cylinders have similar
parameters as other cylinders. This kinematic scheme of an intact cylinder shows the progress
and retreat stroke, and the response of AE:ms to this movement.
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Cycle with damping Cycle without damping
a0 o
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Figure 6.8 Kinematic scheme of intact cylinder.
(1). Initiation of throttling (damping) in retreat stroke, (2). Stop time and return to progress
stroke, (3). End of retreat stroke, (4). End of throttling in progress stroke, (5). Initiation of
throttling (damping) in progress stroke, (6). End of progress stroke, (7). End of throttling in
retreat stroke.

On the progress stroke, significant signal fluctuations are not exhibited throughout the
movement of the piston from the initiation of the progress stroke until the piston cushion portion
contacts the cushion seal. From that moment, there is an increase in the amplitude of the signal
until it stops (piston impacts the head cap cushion), ending with significant hit. A similar
situation occurs during the retreat stoke, where the signal behaves similarly when the piston
impacts the rear cap cushion. The sensors located on different sides of the pneumatic cylinder.
The contact between the piston cushion portion and cushion seal emits a distinctive hit in the
signal by the left sensor placed on the head cap (A, Red). The right sensor (B, blue) behaves
similarly and it is placed on the rear cap.

6.2.2. Undamaged Cylinders

Undamaged Cylinder No.2 after 101500 cycles without damping

Piston progress: the signal behaves smoothly from the initiation of throttling until the end of
the progress stroke, where the piston then impacts the head cap cushion with a large amplitude
of a hit in the signal. Piston retreat: the signal behaves smoothly from the initiation of throttling
until the end of retreat stroke, where the piston then impacts the rear cap cushion with a small
amplitude of a hit in the signal. As shown in figure 6.9.

Undamaged Cylinder No.2 after 101500 cycles with damping

Piston progress: the signal behaves from the initiation of damping with a large hit then it
remains at a constant level until the end of the progress stroke, where piston then impacts the
head cap cushion with a small amplitude of a hit in the signal. Piston retreat: the signal behaves
from the initiation of damping with a constant level until the end of the retreat stroke, where
the piston then impacts rear cap cushion with a small amplitude of a hit in the signal. As shown
in figure 6.10.
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Figure 6.9 Undamaged cylinder No.2 after 101500 cycles without damping.
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Figure 6.10 Undamaged cylinder No.2 after 101500 cycles with damping.
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6.2.3. Damaged Cylinders

Damage type "unsealed piston and O-ring seal" was created in cylinder no. 8. The comparison
between damaged cylinders without damping shows a significantly higher signal level in the
area of the throttling process, including a higher hit at the start of the retreat stroke. In this case,
it recorded leaks.

Damaged Cylinder No.8 after 51100 cycles without damping

Piston progress: the signal behaves differently from the initiation of throttling which increases
and vibrates until the end of the progress stroke, and it ends when the piston impacts the head
cap cushion. The black dotted circles determine the relation between the changes in the signal
and possible leakage (PP03). Piston retreat: the signal behaves differently from the initiation of
throttling which increases to maximum value then decreases, vibrates and ends when the piston
impacts the rear cap cushion. The black dotted circles determine the relation between the
changes in the signal and possible leakage (NP08). As shown in figure 6.11.
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Figure 6.11 Damaged cylinder No.8 after 51100 cycles without damping.

Damaged Cylinder No.8 after 51100 cycles with damping

Piston progress: the signal behaves differently from the initiation of damping which increases
and remains constant at the same level until the end of the progress stroke, where the piston
then impacts the head cap cushion. The black dotted circles determine the relation between the
changes in the signal and possible leakage (PP03). Piston retreat: the signal behaves differently
from the initiation of damping which increases to the maximum value then decreases and
produce a hit when the piston impacts the rear cap cushion. The black dotted circles determine
the relation between the changes in the signal and possible leakage (NPOS). See figure 6.12.
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Figure 6.12 Damaged cylinder No.8 after 51100 cycles with damping.
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—  6.3. Mechanical damage detection for pneumatic actuators
The main aim of this research is to find defects in the pneumatic cylinders using acoustic
emission method and find a typical acoustic emission signal associated with a particular type
of damage in the cylinder. The second aim is to investigate the relation between acoustic
emission signal and a coefficient detection, which evaluates the level of damage detection on
the basis of the recorded differences between undamaged and damaged cylinders.
Current results show good conformity and repeatability and prove significant sensibility of
acoustic emission signal in this application domain of diagnostics, which brings higher quality
results than currently used methods. It is evident that the diagnostic of pneumatic cylinder can
be a new application domain for acoustic emission method [59].
The conclusions of these measurements are summarized in the value of detection coefficient
which determines the ability of the discover defects by acoustic emission. The most serious
defects of cylinders are those that have a large degree of severity, which takes into account the
worst possible consequences. Undamaged cylinders were tested and compared with damaged.
One type of mechanical defect was presented in this study called M04. Moreover, the main
parameter is RMS where the left sensor placed on the head cap (A, Red) and the right sensor
(B, blue).

6.3.1. Undamaged Cylinders

Undamaged Cylinder No.14 after 101500 cycles without damping

Piston progress: signal behaves smoothly from initiation of throttling until the end of progress
stroke then the piston impacts the head cap cushion with a big amplitude of hit in the signal.
Piston retreat: signal behaves smoothly from initiation of throttling until the end of retreat stroke
then the piston impacts the rear cap cushion with a small amplitude of hit in the signal Shown
in figure 6.13.
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Figure 6.13 Undamaged cylinder No.14 after 101500 cycles without damping.

(1). Initiation of throttling in retreat stroke, (2). Stop time and return to progress stroke, (3).
End of retreat stroke, (4). End of throttling in progress stroke, (5). Initiation of throttling in

progress stroke, (6). End of progress stroke, (7). End of throttling inr. s.

Undamaged Cylinder No.14 after 101500 cycles with damping
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Figure 6.14 Undamaged cylinder No.14 after 101500 cycles with damping.
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Piston progress: signal behaves from initiation of damping with constant level and it increases
until the end of progress stroke, then piston impacts head cap cushion with a high amplitude of
hit in the signal. Shown in figure 6.14.

Piston retreat: signal behaves from the initiation of damping with constant level until the end
of retreat stroke then piston impacts rear cap cushion with a high amplitude of hit in the signal.
Number of cycles of undamaged cylinder is 101500 cycles that take place without damping. In
the progress stroke, it does not exhibit significant signal fluctuations throughout the movement
of piston from the initiation of progress stroke until the piston cushion portion contacts the
cushion seal. From that, moment there is an increase in the amplitude of the signal until it stops
(piston impacts head cap cushion) ended with significant hit. A similar situation occurs during
the retreat stoke, the signal behaves similarly when the piston impacts rear cap cushion.

6.3.2. Damaged Cylinders

Damaged Cylinder No.3 after 51100 cycles without damping

Piston progress: signal behaves differently from initiation of throttling which increases and
vibrates until the end of the progress stroke and it ends when the piston impacts the head cap
cushion. Piston retreat: signal behaves differently from initiation of throttling which increases
to maximum value then it decreases, vibrates and ends when the piston impacts the rear cap
cushion Shown in figure 6.15.
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Figure 6.15 Damaged cylinder No.3 after 51100 cycles without damping.

Damaged Cylinder No.3 after 51100 cycles with damping

Piston progress: signal behaves differently from initiation of damping which increases and
decreases stays constant at the same level until the end of the progress stroke, then the piston
impacts the head cap cushion. Piston retreat: signal behaves differently from initiation of
damping which increases to the maximum value then it decreases then it increases and stays
constant until the piston impacts the rear cap cushion. The comparison between damaged
cylinders without damping shows a significant higher signal level in the area of throttling
process, including higher hit at the start of the retreat stroke. In this case, it recorded leaks
Shown in figure 6.16.
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Figure 6.16 Damaged cylinder No.3 after 51100 cycles with damping.
6.4. The criteria of acoustic emission testing for leakage 6.4

Undamaged and damaged cylinders were compared to find distinctive differences that
determine whether the cylinder is damaged or undamaged. In this study, several undamaged
cylinders were tested by acoustic emission, before artificial defects were created in each one.
The signals from the progress and retreat strokes were recorded and analysed into many
parameters. The RMS was normalized, and the different responses between damaged and
undamaged pneumatic cylinders were recognized by the time delay of the strokes. The
differences were identified by comparing the max RMS from sensor A and the max RMS from
sensor B for one cycle in the retreat stroke. The damaged and undamaged cylinders were
distinguished using the difference in energy values present in the signals of the two sensors in
the retreat stroke. And the final evaluation of the cylinder was determined by the calculation of
the total value of RMS.

The signals were obtained by two sensors, one of them on the right (A) and the other on the left
(B). The data was normalized and divided into A and B depending on the sensor. Because of
the sensitivity of the sensor and the different responses of sensors and the contact condition
between the sensors and the cylinders, the data was normalized to avoid the amplitude errors,
in spite of implementing a pen test before each measurement to ensure that the sensors have the
same amplitude. However, undamaged and damaged cylinders were compared according to the
normalized data to find distinctive differences between them.

All cylinders had the same throttling adjustment before and after creating the artificial defect.
When an artificial defect was made in the cylinder, the time of the stroke was extended. The
stroke time should be equal but the defect in the cylinder causes this delay as shown in figures
6.17, 6.18.
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Figure 6.17 Comparing between damaged and undamaged cylinders No. 21, NP08, PP03
derived from the sensor A.
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Figure 6.18 Comparing between damaged and undamaged cylinders No. 21, NP0§, PP03
derived from the sensor B.

The difference was recognized between an undamaged and damaged cylinder. After these
distinctive differences were proved using acoustic emission, the goal of this research is to
determine whether newly produced cylinders are acceptable or not.
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The ratio between maximum RMS of Acoustic Emission from sensor B and the maximum RMS
from sensor A in the retreat stroke, as shown in the figures 6.21, and 6.22, determines whether
the cylinder is damaged or undamaged as shown in the table 6.2 and figure 6.19.

Table 6.2 Ratio of RMS A/B undamaged, damaged NP and PP series.

No. | Ratio RMS A/B of damaged dylinder | Ratio RMS A/B of undamaged cylinder
21 1.93 1.48
22 5.89 3.44
23 1.85 1.25
24 1.98 1.39
25 4.61 2.24
26 2.46 1.37
27 2.32 1.22
28 6.18 1.50
29 5.28 2.03
30 1.52 1.29
31 2.93 242
32 5.94 2.07
33 6.51 1.05
34 2.50 1.35
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Figure 6.19 Comparing between damaged and undamaged cylinders according to the ratio of
RMS values.

In the figure 6.19, there is an area, highlighted in the blue rectangle, where one criterion is not
enough to determine the status of the cylinder. This rectangle represents a range of values that
do not give a direct indication to whether the cylinder is damaged or undamaged. In this case,
a new criterion should be considered.
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The first criterion is the difference between curve B and curve A of the signal’s energy in the
retreat stroke for one cycle, as shown in the figures 6.21, and 6.22, which is given by the
following equation 6.3:

EB—A = Z uretreatB[i]z *dT — Z uretreatA[’:]2 *dT [V2 *§* Ohm]

6.3

Where dT is the value of sampling (in our case 0.004s), the area between curve A and curve B
demonstrates the value of energy. The value of energy is in inverse proportion to the quality
of the cylinder. As shown in figure 6.20 when Ez_, > 0.00000005 V2+s«Ohm the cylinder is
damaged, and when Eg_, < 0.00000002 V2+s+Ohm it is undamaged.

Table 6.3 Total Energy of undamaged, damaged NP and PP series.

No. Eg_4 (V?+sxohm) Damaged Cylinder | Ez_4 (V2 +sxohm) Undamaged Cylinder
21 0.0000000513 0.0000000075
22 0.0000000976 0.0000000268
23 0.0000000892 0.0000000010
24 0.0000000837 0.0000000084
25 0.0000001708 0.000000004 1
26 0.0000001038 0.0000000037
27 0.0000001074 0.0000000010
28 0.0000001044 0.0000000084
29 0.0000000480 0.0000000217
30 0.0000000269 0.0000000067
31 0.0000001701 0.0000000075
32 0.0000002325 0.0000000055
33 0.0000001537 0.0000000050
34 0.0000000265 0.0000000083
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Figure 6.20 Comparing between damaged and undamaged cylinders according to the energy

values.
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Undamaged cylinders No. 22, 29 and damaged cylinders No. 30, 34, are in the blue rectangle
in figure 6.20.
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Figure 6.21 RMS dependency on time for undamaged cylinder No.32 with damping.
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Figure 6.22 RMS dependency on time for damaged cylinder No.32 with damping.
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The second criterion is applied as follows: The total value of RMS was calculated for each
cylinder from the sensor B at one cycle according to the time. The results were demonstrated
in table 6.4. As shown in figure 6.23 when ), RMS > 0.18 mV the cylinder is damaged, and
when ), RMS < 0.14 mV it is undamaged.

RMS =\/¥.(U[i]?)/N 6.4
Table 6.4 the total sum of RMS for undamaged, damaged NP and PP series.
No. RMS mV Damaged Cylinder RMS mV Undamaged Cylinder
21 0.20399026 0.06381114
22 0.26766794 0.13312215
23 0.26758626 0.04344217
24 0.27923112 0.07665541
25 0.33832573 0.09231223
26 0.28376115 0.06386531
27 0.28637894 0.06279574
28 0.20399026 0.10889962
29 0.18967130 0.11321014
30 0.26022269 0.17795030
31 0.32940824 0.03470239
32 0.33832573 0.13976290
33 0.34906962 0.13976186
34 0.14118696 0.11026634
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Figure 6.23 Comparing between damaged and undamaged cylinders NP08, PP03, NP07
according to the RMS values

The value of ); RMS from sensor B at one cycle can evaluate the quality of the cylinder, as
observed; the smaller the value the better the quality.
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6.5. Relationship between acoustic emission signal and loads on pneumatic 6.5

cylinders

The cylinders in our experiment were loaded gradually by different weights in a vertical
direction. The effect of the defect occurs when the cylinder is loaded at the retreat and progress
strokes. This defect affects the relationship between the applied load and the recorded signal of
the sensors. The signals of the acoustic emission were recorded from the progress and retreat
strokes and then analysed. The time delay is calculated between the digital input and the
initiation of movement, and the time of the stroke. The energy and root mean square of the
acoustic emission compare between the distinctive different responses in damaged and
undamaged pneumatic cylinders, with and without loading. The energy and AEms were
calculated for each cylinder with gradual loading. The results of the test showed a linear
relationship between the AEms curve and loading.

Loads were applied to the cylinders during the test. The aim was to enlarge the amount of
leakage. Two sensors were fixed on the head and rear cap of the cylinder. The cylinder was
fixed under the table while the load was applied above the cylinder; the signal was recorded
from the progress and retreat strokes. In another assembly, the cylinder was fixed above the
table while the loads were applied below the rod of the piston. The signals were recorded from
the progress and retreat strokes as shown in figure 6.24.

Inlet T rnanan |
= =
a) Retreat stroke b) Progress stroke c) Progress stroke d) Retreat stroke
Load is below piston Load is above piston

Figure 6.24 Position of load related to the cylinder.

5.5.1. The load is below the piston of the undamaged cylinder

When a 1kg load is applied below the cylinder.

In the progress stroke, the load and the pressure are in the same direction. After the valve is
opened by the digital input, the air hits the piston and makes a peak in the signal. The time
between the digital signal and the initiation of movement is 0.069 s. There are some effects on
the signal at the beginning due to the air passing through the throttle nozzle; the piston vibrates
at the beginning of its movement then the speed of its movement becomes steady until the
initiation of the damping phase.
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The high amplitude of AE near sensor A is a result of the damping that happened in the head
cap of the cylinder. When the head cushion piston impacts the head cushion cap, a small peak
in the signal appears, and after that, the air is expelled. The time of the stroke is 1.067s.

In the retreat stroke, the load and the pressure are in different directions. After the valve is
opened by digital input, the air impacts the piston and makes a peak in the signal. There is a
delay in the movement and the signal at the beginning because it needs enough pressure to move
the piston. This delay is 0.246 s. Following that, the speed of its movement becomes steady
until the initiation of the damping phase.

The high amplitude of AE near sensor B is a result of the damping that happens in the rear cap
of the cylinder. When the rear cushion piston impacts the rear cushion cap, a small peak in the
signal appears. After that air is expelled. The time of the stroke is 1.149s.
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Figure 6.25 Load of 1 kg was applied below the undamaged cylinder.

(1) the valve is opened by the digital input to let the air pass through the port, (2) the impact
of the air at the cushion piston, (3) the initiation of movement, (4) the initiation of the
damping phase 21.7mm before the TDC, (5) when the cushion piston impacts the cushion cap,
and stops, (6) the end of venting air and relaxing and the end of the stroke.

When a 21kg load is applied below the cylinder.

In the progress stroke, the load and the pressure are in the same direction. After the valve is
opened by the digital input the air hits the piston and makes a peak in the signal. The time
between the digital signal and the initiation of movement is 0.069 s. There are big effects on
the signal at the beginning because of the air passing through the throttle nozzle and the load
pushes the pressure forward. The piston vibrates at the beginning of its movement, and then the
speed of its movement becomes steady until the initiation of the damping phase.

The high amplitude of AE near sensor A is a result of the damping that happens in the head cap
of the cylinder. When the head cushion piston impacts the head cushion cap, a small peak in
the signal appears, after that air is expelled. The time of the stroke is 0.952s.

In the retreat stroke, the load and the pressure are in different directions. After the valve is
opened by the digital input, the air impacts the piston and makes a peak in the signal. There is
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a delay in the movement and the signal at the beginning because it needs enough pressure to
move the piston. This delay is 0.49s, and then the speed of its movement becomes steady until
the initiation of the damping phase.

The high amplitude of AE near sensor B is a result of the damping that happens in the rear cap
of the cylinder. When the rear cushion piston impacts the rear cushion cap, a small peak in the
signal appears, and after that air is expelled. The time of the stroke is 1.532s.
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Figure 6.26 Load 21 kg was applied below the undamaged cylinder.

6.5.2. The load is above the piston of the undamaged cylinder

When a 1kg load was applied above the cylinder.

In the progress stroke, the load and the pressure are in different directions, it acts in the same
way as in the previous example. The time between the digital signal and the initiation of
movement is 0.07s, and the time of the stroke is 1.101s.

In the retreat stroke, the load and the pressure are in the same direction, and it acts in the same
way as the previous example. The time between the digital signal and the initiation of movement
1s 0.195 s, and the time of the stroke is 1.098s.
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Figure 6.27 Load 1 kg was applied above the undamaged cylinder.

When a 21kg load was applied above the cylinder.

In the progress stroke, the load and the pressure are in different directions, and it acts in the
same way as seen previously. The time between the digital signal and the initiation of the

movement is 0.227 s, and the time of the stroke is 1.386s.

In the retreat stroke, the load and the pressure are in the same direction, and gain it acts in the
same way as seen previously. The time between the digital signal and the initiation of the

movement is 0.138 s, and the time of the stroke is 0.906s.

Table 6.5 Calculation of strokes time for undamaged cylinder the load is above and below.

Time Tim? l?c?tv&feen izl g the time of the stroke

Loads and initiation of movement
stroke Progress Retreat Progress Retreat
Loads below lkg 0.069 0.246 1.067 1.149
21kg 0.069 0.49 0.952 1.532
Loads above lkg 0.07 0.195 1.101 1.098
21kg 0.227 0.138 1.386 0.906
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Figure 6.28 Load 21 kg was applied above the undamaged cylinder.
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When the load is below the cylinder, the RMS amplitude from sensor A in the progress stroke
for 21kg is higher than the RMS amplitude from sensor B for 1 kg, whereas, the RMS amplitude
from sensor A in the retreat stroke for 21kg is lower than the RMS amplitude from sensor B for

1 kg.

When the load is above the cylinder, the RMS amplitude from sensor A in the progress stroke
for 21kg is lower than the RMS amplitude from sensor B for 1 kg, whereas, the RMS from
sensor A in the retreat stroke for 21kg is higher than the RMS amplitude from sensor B for 1

kg.

The total RMS was calculated for each loading and with different positions: the progress and
retreat strokes with above and below loading, as shown in the following table 6.6:

Table 6.6 Value of RMS from sensor A and B according to load.

Load is below Load is above
Load Progress stroke Retreat stroke Progress stroke Retreat stroke
kg RMS of | RMS of | RMS of | RMS of | RMS of | RMS of | RMS of | RMS of
A(mV) | B(mV) | AmV) | BmV) | AmV) | BmV) | A(mV) | B(mV)
lkg 0.541 0.136 0.107 0.249 0.385 0.119 0.088 0.237
okg 0.606 0.157 0.102 0.222 0.355 0.111 0.098 0.259
11kg 0.646 0.174 0.097 | 0.1998 | 0.304 0.097 0.100 0.278
16kg 0.665 0.179 0.087 0.167 0.353 0.102 0.124 0.328
21kg 0.751 0.202 0.075 0.139 0.234 0.083 0.116 0.328
From the table 6.6 we can draw these four graphs.
Page

-53 -



Results and Discussion

Load is below, progress stroke

. Load i;s below,‘ retreat stroke .

1 1
i sensor A | I Sensor A |
> 0.8 Sensor B ~ 0.8 Sensor B
E06" 1 Eo6t
2 04 S
m ' m 0.4 [
0.2 02+ [— _
- ——_-_-__——
0 1 L L L L L L L s —
1 6 11 16 21 1 6 11 16 21
Load kg Load kg
1 !_oad is above, progress strokel 1= Load is above;, reteat ‘stroke .
I Sensor A| | | Sensor A| |
> 08 Sensor B > 0.8 Sensor B
E06" Eos6l
UEJ 04 (é)
D: . \/\ D: 04 [ 7
0.2 ’ 0.2+
0 L L I 1 1 ! L I L !
1 6 11 16 21 1 6 11 16 21

Load kg Load kg

Figure 6.28 Relationship between RMS and loading on undamaged cylinder during one cycle.

a) The relationship between RMS of AE and the loading is linear.

b) In the case of the load being above, when the load increases the RMS decreases in the
progress stroke, and when the load increases the RMS increases in the retreat stroke.

c) In the case of the load being below, when the load increases the RMS increases in the progress
d) stroke, and when the load increases the RMS decreases in the retreat stroke.

e) The curve of energy and loading is very similar to that in figure 6.28.

5.5.3. The load is below the piston of the damaged cylinder

When the load is below the cylinder. In the progress stroke, the load and the piston movement
are in the same direction; the leak is in port B and the air is expelled through port A, so there is
a huge amplitude of RMS from sensor B, and there is a signal from sensor A. The leak continues
flowing from port B after the piston stop, so the signal from sensor B is bigger than from sensor
A.

In the retreat stroke, the load and the piston movement are in different directions; the leak is
from port A and the air is expelled through port B, so there is a huge amplitude of RMS from
sensor A, and there is a signal from sensor B. The leak continues flowing from port A after the
piston stops, so the signal from sensor A is bigger than from sensor B, as shown in figures 6.29
and 6.30.

5.5.4. The load is above the piston of the damaged cylinder

When the load is above the cylinder. In the progress stroke, the load and the piston movement
are in different directions; the leak is in port B and the air is expelled through port A. The RMS
from sensor A and the RMS from sensor B are in the same amplitude, and the leak continues
flowing from port B after the piston stops, so the signal from sensor B is bigger than from sensor
A, as shown in figures 6.31 and 6.32.
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Figure 6.29 Load 1 kg was applied below the damaged cylinder.
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Figure 6.30 Load 21 kg was applied below the damaged cylinder.
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Figure 6.32 Load 21 Kg was applied above the damaged cylinder.

In the retreat stroke, the load and the piston movement are in the same direction, and the leak
is from port A and the air is expelled through port B. The RMS from sensor A and the RMS
from sensor B are in the same amplitude. The leak continues flowing from port A after the
piston stops, so the signal from sensor A is bigger than from sensor B.
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The total RMS was calculated for each load for the progress and retreat strokes in two different
positions of the cylinder - above and below, as shown in the following table 6.7:

Table 6.7 The value of total RMS from sensor A and B according to load.

Load is below Load is above
Load Progress stroke Retreat stroke Progress stroke Retreat stroke
kg RMS of | RMS of | RMS of | RMS of | RMS of | RMS of | RMS of | RMS of
A(mV) | B(mV) | AmV) | BmV) | AmV) | BmV) | AmV) | B(mV)
lkg 0.671 | 0.223 | 0.222 | 0.309 | 0.582 | 0.158 | 0.139 | 0.265
okg 0.756 | 0.243 | 0.225 | 0.287 | 0.464 | 0.139 0.12 0.289
11kg 0.792 | 0.255 | 0.209 | 0.239 | 0.404 | 0.136 | 0.128 | 0.318
16kg 0.869 | 0.266 | 0.208 | 0.206 | 0.382 | 0.131 | 0.156 | 0.352
21kg 0.957 | 0.301 | 0.211 | 0.183 | 0.326 | 0.082 | 0.144 | 0. 361

From the table 6.7 we can draw these four graphs.
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Figure 6.33 Relationship between RMS and loading during one cycle of the damaged
cylinder.

When there is a leak in the porting of the cylinder see figure 5.2, the peak of the signal appears
during the stroke, not only in the damping phase. The relationship between the RMS of AE and
the loading is linear. In the case of the load being above, when the load increases the RMS
decreases in the progress stroke, and when the load increases the RMS increases in the retreat
stroke. In the case of the load being below, when the load increases the RMS increases in the
progress stroke, and when the load increases the RMS decreases in the retreat stroke. The reason
for the change in the results between the damaged and undamaged cylinder figures 6.28 and
6.33, in the case where the load is below and the RMS from sensor A increases in the damaged
cylinder and decreases in the undamaged cylinder in retreat stroke, is due to the leak near the
port.
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7. Conclusions

In this study, several undamaged cylinders were tested by acoustic emission, before artificial
defects were created in each one. Undamaged and damaged cylinders were compared to find
distinctive differences that determine whether the cylinder is damaged or undamaged.

Suitable acoustic emission signal parameters were selected based on the analysis of large data
sets. These parameters can be used for more accurate diagnostics of condition monitoring for
the development of pneumatic testing devices.

Current results show good conformity and repeatability, acoustic emission application in this
domain of diagnostics brings higher quality results than currently used methods.

The frequency spectrum was used as a parameter to compare undamaged and damaged
cylinders, which was replaced later by the parameter RMS.

Preliminary results of processed measurements confirm the assumption that the configuration
that consists of two sensors located on the head and rear caps provides more detailed results
than the configuration that uses only one sensor in the middle of the cylinder body.

The received signals are caused not only by defects, but also by mechanical movements, and
inlet and outlet pressurized air.

Acoustic emission detectability of leakage depends on detection sensitivity, detection
selectivity, differential pressure, and leak size.

The Acoustic emission can be applied to detect and locate leaks as long as there is enough
pressure acting across the leak.

The determination of diagnostic criteria that evaluate the quality of the pneumatic cylinder and
detect the defects. There are four criteria to evaluate the cylinder respectively:

e The RMS was normalized; the defect in the cylinder causes a delay in the stroke time,
which causes an extension in the damping area. This delay distinguishes between
undamaged and damaged cylinder.

e The specific ratio between maximum RMS from the sensor fixed in the head cap A of
and the max RMS from the sensor fixed in the rear cap B the cylinder in the retreat
stroke can identify whether the cylinder is damaged or undamaged.

When the ratio is bigger than 3 the cylinder is damaged if the ratio is smaller than 1.7
the cylinder is undamaged.

e The damaged and undamaged cylinders were distinguished using the difference in
energy values present in the signals from the two sensors in the retreat stroke. At signal
energy Eg_4, > 0.000000027 V2 *s*Ohm the cylinder is damaged, and at Ez_, <
0.000000020 V2 *s*Ohm it is undamaged.

e The final evaluation of the cylinder was determined by the calculation of the total value
of RMS. The value of ); RMS from sensor B at one cycle can evaluate the quality of the
cylinder, the smaller the value the better the quality. At ); RMS > 0.18 mV the cylinder
is damaged, and at ) RMS < 0.14 mV it is undamaged.

The cylinders in the experiment were loaded gradually by different weights in a vertical
direction. The defect affects the relationship between the applied load and the recorded signal
of the sensors. The artificial defects were made in the cylinders and classified according to their
severity and detectability.

e The relationship between RMS of AE and the loading is linear.
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e Clear explanation of the actuator movement stages, where the certain similarities were
found by comparing between the stages of the actuator movement and acoustic emission
signals with the potentiometer curve.

e There is a delay in the time of movement and the signal at the beginning because enough
pressure is needed to move the piston.

e  When the loading and movement of the piston are in opposite directions, the time of
the stroke is longer.

e  When the loading and movement of the piston are in the same direction, the time of the

stroke is shorter.

The load is above

progress stroke

when the load increases the RMS decreases

retreat stroke

When the load increases the RMS increases

The load is below

progress stroke

when the loading increases the RMS increases

retreat stroke

When the load increases the RMS decreases

It is confirmed that using acoustic emission method able to diagnose of the defects of pneumatic
cylinders, and detect and predict the possible worst defects in the cylinder in practical work and
determine the type of defects and its locations.

Future work

It is necessary to make other tests to apply the current criteria on other types of pneumatic
cylinders and modify these criteria to be suitable for these cylinders under different conditions.
In our laboratory, we test the cylinders in practice, especially when applied in the real-time
function and during the loading. Above-mentioned criteria are applied practically on various
types of cylinders that help in the opening door system in the buses. Our research continues in
this area depending on our experiences during the first stage of this project.
This research will continue to improve a prototype of the newly developed diagnostic apparatus.
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Appendix

The code of the MATLAB program

The code of the MATLAB program that opens TEXT file that received from ZEDEMON and
calculate the parameters of AE to find the differences between damaged and undamaged
cylinder by mathematical operations, and plot a figure of RMS was taken from sensor A and
Sensor B, and determine the maximum of RMS and the energy.

Open EXCEL file

function Untitled 11 Callback (hObject, eventdata, handles)

[filename pathname]=uigetfile('C:\Users\Houssam\Desktop\all\21l.xlsx");
handles.fullname=strcat (pathname, filename);

set (handles.text2, 'string', filename) ;

guidata (hObject, handles) ;

fullname=handles.fullname;

[TimeRelativesec, TimedmyHMS, RMSV, RMSdBAE, ASLV, ASLABAE, MAX sigV,MAX sigdBAE,
MAX absV,MAX absdBAE,UCountllogNsec,UCount2logNsec,UCountlThresholdVv] =
importfilexls (fullname) ;

handles.TimeRelativesec=TimeRelativesec;

handles.RMSV=RMSV;

handles.TimedmyHMS=TimedmyHMS;

handles.RMSdBAE=RMSdBAE;

handles.ASLV =ASLV;

handles.ASLdBAE =ASLdBAE;

handles.MAX sigV =MAX sigV;

handles.MAX sigdBAE =MAX sigdBAE;

handles.MAX absV =MAX absV;

handles.MAX absdBAE =MAX absdBAE;

handles.UCountllogNsec =UCountllogNsec;

handles.UCount2logNsec =UCount2logNsec;

handles.UCountlThresholdV =UCountlThresholdV;

guidata (hObject, handles) ;

[filenamel pathnamel]=uigetfile(fullname, '*.xlsx");
handles.fullnamel=strcat (pathnamel, filenamel);

set (handles.text3, 'string', filenamel) ;

guidata (hObject,handles) ;

fullnamel=handles.fullnamel;

[TimeRelativesecl, TimedmyHMS1, RMSV1, RMSABAEL, ASLV1, ASLABAEL,MAX sigV1l,MAX s
igdBAEl,MAX absV1,MAX absdBAEl,UCountllogNsecl,UCount2logNsecl,UCountlThres
holdvl] = importfilexls (fullnamel) ;
handles.TimeRelativesecl=TimeRelativesecl;

handles.RMSV1=RMSV1;

handles.TimedmyHMS1=TimedmyHMS1;

handles.RMSdBAE1=RMSdBAEL;

handles.ASLV1 =ASLV1;

handles.ASLdBAE]l =ASLdBAE]l;

handles.MAX sigVl =MAX sigVl;

handles.MAX sigdBAEl =MAX sigdBAEl;

handles.MAX absVl =MAX absVl;

handles.MAX absdBAEl =MAX absdBAEl;

handles.UCountllogNsecl =UCountllogNsecl;

handles.UCount2logNsecl =UCount2logNsecl;

handles.UCountlThresholdVl =UCountlThresholdVl;

guidata (hObject,handles);

setpopup (handles.pop,eventdata, handles);

°

function[TimeRelativesec, TimedmyHMS, RMSV, RMSABAE, ASLV, ASLABAE, MAX sigV,MAX
sigdBAE,MAX absV,MAX absdBAE,UCountllogNsec,UCount2logNsec,UCountlThreshold
V] = importfilexls (workbookFile)

%% Import the data

data = xlsread (workbookFile);

TimeRelativesec = data(:,1);
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TimedmyHMS = data(:,2);
RMSV = data(:,3);
RMSdBAE = data(:,4);
ASLV = data(:,5);
ASLABAE = data(:,6);

MAX sigV = data(:,7);

MAX sigdBAE = data(:,8);

MAX absV = data(:,9);

MAX absdBAE = data(:,10);
UCountllogNsec = data(:,11);
UCount2logNsec = data(:,12);
UCountlThresholdV = data(:,13);

function print ClickedCallback (hObject, eventdata, handles)

cla;

time=handles.TimeRelativesec; %obtain the Time from the memory
timel=handles.TimeRelativesecl;

RMS=handles.RMSV;

RMSl=handles.RMSV1;

Time=time-min (time); ¥ To make the time starting from zero, min:

returns the minimum of Time.
Timel=timel-min (timel) ;

% divide the one cycle to progress and retreat strokesfrom
sensor A

N=numel (t) ; $returns the number of elements
Nl=numel (tl);

if rem(N,2)==0; $SRemainder after division on 2

xx=N/2;
else
xx=(N+1)/2;
end

rrl =RMS(l:xx, 1); %$the value of RMS for Progress stroke A
rr2=RMS (xx:end , 1); %the value of RMS for retreat stroke A
% divide the one cycle to progress and retreat strokesfrom
sensor B

if rem(N1,2)==0; %Remainder after division on 2

xx1=N1/2;
else
xx1=(N1+1)/2;
end

rr3 =RMS1(l:xx, 1); %the value of RMS for Progress stroke B
rr4=RMS1 (xx:end , 1); %the value of RMS for retreat stroke B
dd=t (xx); %returns the value of time in the middle

$Print the figure between RMS and Time
hold on

plot (handles.axesl,t, RMS, 'r');

plot (handles.axesl,tl, RMS1l, 'b');

plot (handles.axesl, [1 1]*dd, ylim, 'g');

axes (handles.axesl);

xlabel ('Time s', 'FontSize', v2);

ylabel ('"RMS', 'FontSize', v2);
hold off
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%$Calculate the difference between Max RMS of sensor A and
sensor B.

MaxAl=max(rrl); % Max RMS of progress stroke of sensor A
MaxA2=max (rr2); % Max RMS of retreat stroke of sensor A
MaxBl=max (rr3); % Max RMS of progress stroke of sensor B
MaxB2=max (rrd4); % Max RMS of retreat stroke of sensor B
BA22=( MaxB2- MaxA2);
BAll=( MaxBl- MaxAl);
BA21=( MaxB2/ MaxAl);
AA21=( MaxA2/ MaxAl);
BB21=( MaxB2- MaxBl) ;
if MaxB2> MaxA2
ttta B2onA2= MaxB2/ MaxA2;
else

ttta B2onA2= MaxA2/ MaxB2;
end

B2onA2= MaxB2/ MaxBl;
set (handles.editl4, 'string', ttta);
1if (B2onA2<1.8&& B20onA2>1)
set (handles.text9, 'string', 'Undamaged', 'foregroundColor','[0,0.5,0]")
set (handles.textl10, 'string', 'Undamaged', 'foregroundColor','[0,0.5,0]1")
elseif (B20onA2<2.3&& B2onA2>1.8)
set (handles.text9, 'string', "Acceptable', 'foregroundColor','[1,0.84,0]")
i1if (BA21>1&& AA21>1)
set (handles.textl0, "string', '"Mechanical Defect')
else
set (handles.textl10, 'string', 'Leak Defect ')
end
elseif (B2onA2<2.7 && B2onA2>2.3)

set (handles.text9, 'string', 'Dangerous', 'foregroundColor', '[1,0.6,0.78]")
if(BA11>0&& ARA21>1)
set (handles.textl0, "'string', '"Mechanical Defect')
else
set (handles.textl0, 'string', 'Leak Defect ')
end
else

set (handles
1f (BA21>1&6&
set (handles

.text9, 'string', 'Damaged r')
AA21>1)

.textl10, 'string', '"Mechanical Defect')

, 'foregroundColor',

else
set (handles.textl0, 'string', 'Leak Defect ')
end

end

%calculate the total of RMS

rmsAl=RMS."2; %square of RMS of sensor A
rmsA2=sum(rmsl); $total of RMS
rmsA3=rms2/numel (RMS); %average of RMS
rmsAd=(rms370.5) *1000; Sroot of average of RMS
rmsB1=RMS1."2; %square of RMS of sensor B

rmsB2=sum (rmsil) ;

rmsB3=rmsi2/numel (RMS1) ;
rmsB4=(rmsi370.5)*1000;

El=rms2*0.004-rmsi2*0.004;

stotal of RMS

%average of RMS

sroot of average of RMS

% difference of energy of RMS

rrrl=rrl.”2; S$the square value of RMS for Progress stroke A
rrr2=rr2.”2; %the square value of RMS for retreat stroke A
rrr3=rr3.”2; %the square value of RMS for Progress stroke B
rrr4=rr4.”2; %the square value of RMS for retreat stroke B
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rrrl

I

rrrrl=sum/( ); %total of RMS
rrrr2=sum(rrr2); %stotal of RMS
rrrr3=sum(rrr3); %total of RMS
rrrr4=sum(rrrd); %total of RMS
rr5=rrrr1*0.004-rrrr3*0.004; $difference of energy of RMS

rré=rrrr2*0.004-rrrr4*0.004; %difference of energy of RMS

set (handles.editl5, 'string',E1*1000) ;

set (handles.editl6, 'string', rr5*1000) ;

set (handles.editl7, "string',rr6*1000) ;

set (handles.edit2, 'string', rmsB4) ;

1if (rmsB4<0.1)
set (handles.textb5, 'string', 'Undamaged', 'foregroundColor','[0,0.5,0]")
elseif (rmsB4<0.15&&rmsB4>0.1)
set (handles.textb, 'string', "Acceptable', 'foregroundColor','[1,0.84,0]")
elseif (rmsB4<0.2&&rmsB4>0.15)

set (handles.textb5, 'string', 'Dangerous', 'foregroundColor','[1,0.6,0.78]")
else
set (handles.textb5, 'string', "Damaged', 'foregroundColor', 'r'")

% Delete all

function Delete ClickedCallback (hObject, eventdata, handles)
cla;
set

handles.edit2, "'string','")
set '

(

(handles.editl14, 'string', '
set (handles.textb5, 'string', '")
set (handles.text9, "'string', '")
set (handles.textl10, "string', "'

(

(

(

(

) ;

I

) ;
handles.text2l, 'string', "'");
handles.textb5, 'Backgroundcolor', 'white')
handles.text9, 'Backgroundcolor', '"white');
)
]

set
set
set

’

set (handles.text9, 'Backgroundcolor', 'white');
set (handles.text21, 'Backgroundcolor', '"white');
clc;

clear;

cla;

$ TO SAVE THE FIGURE WITH ALL CALCULATION

function savel ClickedCallback (hObject, eventdata, handles)
set (handles.uipanell, 'visible', 'off'");

axes (handles.axesl);

NoCylinder=get (handles.editl3, 'string');

Case=get (handles.text9, 'string');
pathname='C:\Users\Houssam\Desktop\photo\"';
newfile=strcat (pathname, NoCylinder, Case);
[filename, pathname, filterindex] =
uiputfile({'*.Jjpg;*.tif;*.png'"}, 'figurel',newfile);
name=fullfile (pathname, filename) ;

saveas (handles.axesl, name, 'jpg');

guidata (hObject, handles);

set (handles.uipanell, 'visible', 'on');
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