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Abstract

The sensors most commonly used for monitoring machine health are wired accelerometers
because of their high performances and good stability. However, thes e transducers are usually
large in size; require an external power source . Hence, there is a need for cheaper and reliable
alternative for the conventional accelerometers. This thesis reports the development of a
wireless accelerometer based on Micro -Electro-Mechanical System (MEMS) inertial sensor and
off -the - shelf digital RF communication modules . It is small enough to be installed on the
rotating shaft of a machine. In addition, it has a high enough resolution to be used to analyse

the dynamic behaviour  of rotating shaft.

The wireless sensor is mounted with its sensitive axis in the tangential direction with respect to
the centre of the rotor. This position allows the sensor to perform high resolution tangential
acceleration measurements and nullifies the centripetal acceleration

To assist in the validation of the wireless sensor , a mathematical model was derived to
simulate the vibration signals from the test rig. E  xperimental and simulated results both
confirmed the effectiveness of the wireless senso r in detecting different degrees of

misalignmen ts and unbalance of a flexible rotor system.

The wireless sensor has been confirmed to possess the capability of detecting small degrees of
misalignment using the spectral amplitude of the peak at 2X running speed compared to other
conventional sensors  (wired accelerometers , laser vibrometers).

In addition, t he results of the experiment and simulation have also confirmed the capacity of
the wireless sensor to detect different shaft unbalance grades at 1X runni ng speed using
spectral and order magnitudes . However , the wired sensors used for comparison failed to show

any clear separation of the different grades of shaft unbalance.

Moreover, it has been observed that the instantaneous angular speed ( IAS) derived d irectly
from the wireless sensor correlate s well with t hat obtained from a shaft encoder and showed
the capacity to detect the main features of rotor dynamics.  An advanced algorithm  has been
developed to remove the gravity effect . The application of the al gorithm has made the IAS
computed from the wireless sensor more indicative to that obtained by a shaft encoder.
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CHAPTER ONE

| ntroduction

This chapter begins with an overview of the more common conventional techniques used for
machinery condition monitoring. This is followed by a detailed description of the motivation,
aims and objectives of the research. Finally, the structure of the thesis is described and the

content of the remaining chapters is given.
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1.1 Introduction

Health monitoring is the process of studying and assessing the condition of machinery, and is
crucial for preventing failure. Machine h ealth monitoring can be achieved by its dynamic
analysis which requires determining the dynamic characteristics of the machinery, including

natural frequencies, mode shapes and damping factors via modal analysis.

The developm ent of reliable monitoring systems to prevent machine performance degradation
proceeding as far as malfunction, or even catastrophic failures has been the focus of research

Thesis in a wide array of industries which use ro tary machinery  (Jardine, A. K., Lin, & Banjevic,
2006 )

It is obvi ous that industrial machinery is expensive, and the financial success of an enterprise

can depend on achieving low operating and maintenance costs. To achieve these
requirements, condition monitoring has become essential. The benefit of condition monitorin g
is to minimise unplanned interruption of production, reduce maintenance of machinery and

improve reliability and safety.

$OWKRXJK FRQGLWLRQ PRQLWRULQJ ZDV ZHOO HVWDEOLVKHG LQ WKH
parallel with the advances in transducers and computer technology (Barron, 1996 ). In the mid -

iV GHYHORSPHQWY DFFHOHUDWHG GXH Wdéomplukeks. Dhe svdiblity! GHV NWR
computers made the collection of data from the machine easier and developments in data

analysis allowed the user to make a more informed decision on maintenance strategies.

Rotary machines such as turbines, generators and e lectrical motors are one of the most
important areas of industrial research, particularly rotating shafts. The role of rotary shaft is

power transmission. These shafts can carry different parts such as bearings, disks, gears, etc.

There have been many tech niques developed to monitor rotating machinery based on
conventional wired transducers. This chapter presents conventional condition monitoring
technigues including different transducers used to monitor rotary machinery vibration and

angular speed.

1.2 Conven tional Condition Monitoring Techniques

The monitoring technique or method is determined by the mechanical process being
monitored, maintenance goals and added cost. In addition, the physical nature of the process,
temperature, vibration, sound, debris, etc . can play a vital role in choosing the right technique.
However, for complicated machine plants, a complex condition monitoring techniques may be

required.

There are hundreds of papers, covering both theory and practice, on condition monitoring
methods a nd techniques published every year in academic journals, conference proceedings

and technical reports (Jardine, A. K., et al., 2006 ). Some of them are illustrated in (Kelly,
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1997 ; Lees, A., Sinha, & Friswell, 2009 ; Lees, A. W., 2007 (b) ; Mathew & Davis, 1998 ; Mobley
& Davies, 1998 ; Sasi, A. Y. B., Gu, Li, & Ball, 2006 ; Yesilyhurt, 1997 )

Condition Based Maintenance (CBM) is a maintenance pro gram that recommends maintenance
actions based on the information collected through condition monitoring (Jardine, A. K. S., Lin,
& Banjevic, October 2006 ). The main purpose of CBM is to avoid unnecessary maintenance
tasks by acting only when there are signs of sufficient abnormality of the machine part(s). This
approach is based on the acquisition, processing and analysis of data collected from different

machine parameters. These parameters include: vibration amplitude, noise level and
spectrum, drive speed and motor current, and provid e valuable information which can be used
to assess the condition of the machine and help in planning the schedule of maintenance work.

CBM can substantially reduce maintenance costs and unnecessary downtime if properly

implemented.

Figure 1.1 presents the main three steps of CBM (Jardine, A. K. S., et al., October 2006 ):
1. Data acquisition step (information collecting), to obtain data relevant to system health.

2. Data processing step (information handling), to handle and analyse the data or signals

coll ected in step 1 for better understanding and interpretation of the data.

3. Maintenance decision -making step (decision -making), to recommend efficient maintenance

policies.
Dzlltz_l . Data‘ MB?:?:Sﬁw
Acquisition Processing Making
Figure 1.1 Condition based Main tenance main steps (Jardine, A. K., et al., 200 6)
1.3 Monitoring Methods for Rotor Dynamics

The condition monitoring of machinery has led to development of a number of new methods
for monitoring the machinery processes, see (Liang, 2000 ), (Collacott, 1997 ), (Matthew,
1987 ), (Jardine, A. K., et al., 2006 ), (Huer & Zhaojian, 2010 ; Sasi, Y. A,, 2005 ) and (Jardine,

A. K., etal., 2006 ). These methods can be summarized as following:

1.3.1 Machine Parameters

This type of monitoring is conce rned with the change of machine performance parameters to
identify machine abnormality. Speed, current, performance and power consumption are good
examples of parameters that can be monitored to detect changes of machine characteristics.
The trend change, for instance, of pressure, temperature and current are good indication to

detect the change in machine characteristics.
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In practice current or speed fluctuation can be analysed using spectral analysis for monitoring

purposes (Liang, 2000 ), (Pereira & Da Silva Gaz zana, 2004 ), (Tsoumas, Mitronikas,
Georgoulas, & Safacas, 2005 ), (Sasi, A. Y. B., et al.,, 2006 ), (Li, Y., Gu, Harris, & Ball, 2005 )
and (Trevor & Hunt, 1996 ). Current trend change is a sign of a defective component of the
machine. This monitoring method suggests systematic measurement of a monitored parameter

and plotting the data recorded against time or frequency.

1.3.2 Vibration  Analysis

Vibration is naturally generated by rotary machines. Each pa rt of such a machine has its
distinctive vibration patterns. These patterns contain valuable information about the machine
condition. The ability to measure and record the vibration signature of rotating machinery

without interrupting normal operation is a powerful technique for monitoring its condition.

Transducers can measure acceleration, velocity and displacement. Vibration is usually
measured by accelerometers. The selection and mounting position of the accelerometers are
important decisions in vibrati on analysis (Crawford & Crawford, 1992 ). Vibration analysis is one
of the most usable methods in machinery condition monitoring techniques. It depends on the
YLEUDWLRQ VLJQDO(@D¢ Silvdl ZF Q.Hhddfellowing are the useful frequency ranges of
different signals  (Barron, 1996 ):

Acceleration: from zero up to and beyond 20 kHz.

Velocity: from 2 Hz to 2 kHz.

Displacement: from zero up to 200 Hz.

These waveforms are analysed and processed in a variety of ways such as determining the

root mean square (RMS) and variance of the waveforms in the time domain, and waveform
power spectrum analysis in the frequency domain. Time -frequency, wavelet and higher order
spectral analyses are recent signal analysis procedures used to examine vibration waveforms

for machine condition (Jardine, A. K., et al., 2006 ).

The potential use of vibration analysis methods for condition monitoring in time, frequency and

time -frequency domains, has enabled condition analysis of a wide range of machine
components. That includes (De Silva, 2005 ): gears, bearing, couplings, rotors/ shafts, fan/
pump assemblies. The failures causes can be classified by: unbalance , looseness,

misalignment, wear, poor lubrication, damage/peri shing, aero/hydrodynamic forces, cavitation.

Vibration based condition monitoring is the most cost -effective approach but may suffer
difficulties due to noise sources such as vibration from other machinery (Dalpiaz & Rivola,
1997 ). However, it is not a general purpose condition monitoring technique since it provides

vibration related informatio n only and some defects such as wear may not generate vibration

signals worth  monitoring.
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1.3.3 Acoustic Analysis

This approach focuses on the analysis of acoustic or noise waveforms produced by machinery
processes. Microphones are often used to record acoustic signals which are then compared

with vibration waveforms. Microphones have wide frequency range, can give comprehensive

information due to their sensitivity and are easy to install (Sasi, Y. A., 2005 ). Therefore,
microphones are used in many applica tions such as gear boxes and bearings (Sasi, Y. A,
2005 ). The acoustic monitoring technique can be on -line and non -intrusive which make it an

attractive option. However, the major limitation of acoustic monitoring is that background

noise contamina tes the acoustic waveforms (Kelly, 1997 ).

1.4 Fault Diagnosis of Rotating Machinery

Over the last century, rotating machinery has been studied in mor e and more detail. Rotor
dynamics is essential for engineers and scientist involved in the transportation and power

generation industries. The analysis and design of rotating machinery is crucial in terms of the

cost of both production and maintenance. The refore, fault diagnosis of rotating machinery
becomes critical. The design of rotating machinery becomes increasingly complex due to
technological advancement, and condition monitoring strategies become more advanced in

order to cope with the burdens bein g placed on individual components of a machine (Edwards,

Lees, & Friswell, 1998 ).

Vibration in ro tating machinery usually is due to some externally applied load, such as
misalignment, cracked or bent shafts, or mass unbalance. Vibration condition monitoring as a

method of fault diagnosis has been examined by Smith (Smith, 1980 ) and Taylor (Taylor,
1995 ). Smith covered the types of general faults listed above and described qualitatively how

they may be recognised from their vibr ation characteristics. He also discussed effects caused

by nonlinearities. Taylor included information on how measured data should be processed in

order for a diagnosis to be performed. Earlier studies have  carried out these researches using
conventional w ired accelerometers to measure the vibration and perform the diagnosis

process. The challenge is to measure the rotor vibration directly using a novel wireless

accelerometer for diagnosing various rotor problems.

1.4.1 Misalignment

Rotor misalignment is one of t he most common causes of vibration in the operation of rotating
machinery, yet it remains incompletely understood. Despite the rapid increase in
understanding of rotor dynamics, no satisfactory analysis explains the range of observed
phenomena. Sekhar and Prabhu (Sekhar, A. S. & Prabhu, 1995 ) discussed the effect of
coupling misalignment on the vibration of rotating machinery. Shaft misalignment can be a

major cause of vibration, due to reaction forces generated in the shaft couplings. It is generally

accepted that a significant 2X of rotor speed vibration response is a major feature of rotor
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misalignment (De Silva, 2005 ; Prabhakar, Sekhar, & Mohanty, 2001 ). A model based method is
usually used for fault prediction, where the 2X component is more significantly affected than

the 1X. By using this model based method i t is possible to predict the vibration response due

to misalignment at the various harmonics. It is valuable in terms of both fault diagnosis and

machinery design.

1.4.2 Mass Unbalance

Mass unbalance is one of the most frequently occurring causes of rotor vibra tion in industrial
rotor bearing systems (Edwards, et al., 1998 ). Presence of unbalance changes the dynamic
behav iour of the system. This change is equivalent to additional loads acting on the healthy

system. The fault model for unbalance developed by Platz and Markert describes the effect of

static and kinetic unbalances of the rotor system (Platz & Markert, 2001 ).

Jalan and Mohanty demonstrated a m odel based fault detection system for a simple rotor
bearing system (Jalan & Mohanty, 2009 ). By simple measurement of the radial vibration alone
and applying the proposed model based techn ique, faults in a rotor bearing system were easily
identified. Lees and Friswell presented a method to estimate the unbalance configuration in a
flexibly -mounted rotor -bearing system from vibration measurements at the bearing pedestals
(Lees, A. & Friswell, 1997 ). With the vibration measured by wired accelerometers and using an
accurate model, mass unbalance can be identif ied where the 1X of rotor speed response is

significantly affected  (De Silva, 2005 ; Xu & Marangoni, 1994 a ).

1.4.3 Bent Shafts

A bent shaft is one of the causes of the vibration in rotary machinery. It may be caused in

several ways, for example due to creep thermal distortion or a previous large unbalance force

(Edwards, et al., 1998 ). The unbalance force generated by a bent shaft is slightly different to
that caused by conventional mas s unbalance. However, bent shafts  have great effect on  1X of
rotor speed when the geared system mounted on stiff viscoelastic supports (De Silva, 2005 ;
Kang, Hsu, Lee, & Shiau, 2011 ). More details about bowed shafts and their effects can be
found in (Braut, Zigulic, & Butkovic, 2008 ; Kang, et al.,, 2011 ; Nicholas, Gunter, & Allaire,
1976 ; Yang, T. & Hsu, 2009 ).

1.5 Conventional Wired  Sensors Used for Rotor  Fault
Diagnosis

The above mentioned common rotor faults are usually investigated using wired transducers.

Since the most common cause of rotor faults is vibration, accelerometers are frequently used

to detect and diagnose these faults. Several types of accelerometers manufactured by many

well -known manufacturers are available all over the world. The selection of accelerometers is
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based on their technical specifications and measurement requirements such as frequency

range to be measured, amplitude of vibration, etc.

The conventional w ired transducers used for rotor fault detection are:
1. Accelerometers (Vibration)
a. Piezoelectric Acce lerometers
b. Charge mode or capacitive type accelerometers
c. Integral Electronic Piezoelectric (IEPE).
Encoders (Instantaneous angular speed)
Laser vibrometers (Displacement , velocity )

Magnetic pickups (Displacement)

o > 0D

Current and voltage eddy transducers (Power , Displacement )

The frequently used transducers for rotor fault detection will be discussed in more details in

the next chapter.

1.6 Wireless MEMS Accelerometer

From the above review, in dynamic health monitoring, the utilization of appropriate
transducers i s required to provide accurate measurement of machinery responses in both
frequency and time domains. Conventional devices utilised for health monitoring are based on

wired transducers. These transducers are usually large in size, require high actuation po wer
and have narrow frequency bandwidths compared to MEMS ones , which reduce their accuracy,

versatility and applicability to smaller machinery.

To monitor the rotary shaft, the accelerometers are mounted on the bearing housing according

to the measuring s tandard ISO 10816 -3,2009 (De Silva, 2005 ; 1s010816 -3, 2009 ). The
recorded vibration signal will be diffe rent according to which moving part is generating the

signal. This contaminated vibration signal could be used to record the vibration of the rotary

shaft directly. The advances in developments of IC micro fabrication and micro electro
mechanical systems ( MEMS) have led to the design of progressively smaller footprint, low
dynamic mass and actuation power sensors. In addition, MEMS sensors provide wide frequency
bandwidths, high measuring accuracies and a digital output. With such advantages, MEMS

sensors ¢ an potentially replace conventional piezoelectric transducers.

To transfer data from MEMS sensors to signal analysers, traditional wiring methods can be

used. Such methods provide reliable data transfer and are simple to integrate. However, in

order to stu dy rotating machinery, MEMS sensors attached to conventional positions (static)

can be either wired or transmit their signal wirelessly. In the cas e of direct mounting on a
rotor, wireless transmission is essential. With the rapid developments of microelec tronic and
wireless technologies, designers and researchers now have the capabilities to develop and

implement wireless health monitoring systems. With wireless transmission it may be possible
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to achieve long distance monitoring. In addition, the measuring accuracy might increase due to
the direct measurement of rotor vibration as well as angular velocity. Consequently, there is a

need to implement and test wireless communications capabilities using MEMS sensors
(Elwenspoek & Wiegerink, 2001 ; Lynch, J., 2004 ; Lynch, J. P., Law, Straser, Kiremidjian, &
Kenny, 2000).

Most of the recent research efforts have been concentrated on the development of wireless

systems for health monitoring of civil engineering structures, such as building and bridges

(Chung, Enomoto, & Sh inozuka, 2003 ) (Lynch, J., 2004 ): (Lynch, J. P., et al., 2000 ). Such
structures are usually characterized by large masses and low resonan ce frequencies. Thus,
health monitoring systems designed for civil engineering structures might not be applicable to

mechanical structures.

The advances in microelectronic systems means off -the -shelf wireless transmitters and
receivers are available at low cost. Using these modules, MEMS accelerometers are integrated

into wireless communication systems designed to transmit acceleration signals digitally. The

digital wireless system is used to perform high resolution tilt and rotation measurements of the

ang ular and linear acceleration of rotors. In addition, the developed digital system can be used

to meas ure angular rates. Results from developed wireless MEMS accelerometers are
presented in this thesis to confirm their potential for accurate and effective h ealth monitoring

of rotating machinery.

In this research, an in  -depth study of the application of MEMS wireless accelerometers to
health monitoring of rotating machinery is presented. Commercially available MEMS sensors

have been used. Characteristics of t he selected MEMS sensors have been studied using
analytical, computation and experimental techniques. In addition, development of
instrumentation and methodologies for wireless health monitoring of rotor dynamics are

presented.

1.7 Research Motivation

A rotati ng shaft is always the key component of mechanical systems such as motors, pumps,

engines and turbines. Due to the heavy use of shafts, defects such as unbalance, cross -
sectional cracks and misalignment will develop. There are many techniques used to monit or
such defects; by analysing the vibration of the shaft as well as the instantaneous angular

speed (IAS) of the rotating shaft. The vibration is usually measured by placing accelerometers

on the bearing housing whereas IAS is measured using a laser -based, direct general -purpose
analogue -to-digital converter ~ADC based method for a shaft (encoder) and a magnetic pickup
for gears. The development of a wireless sensor which can be mounted tangentially on the

shaft could help to measure rotor vibrations and IAS simultaneously. Developing new

techniques based on a wireless MEMS accelerometer is presently the most challenging problem
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in condition monitoring. Using advanced analysis of the information extracted from a wireless

accelerometer the faults can be detect ed.
The vibration response measured using wired accelerometers mounted on non -rotating
structural components such as bearing housings according to the measuring standard ISO

10816 Part 1 (De Silva, 2005 ; 1s0-10816 -1, 1995 ) is usually contaminated by the vibration
from other parts of the machinery . For instance, the magnitude of the signal from a faulty
bearing could be so large as to hide a rotor related fault and vice versa. In addition, the signals

are attenuated by the body of the bearing housing.

The rotor related faults also can be monitored using the encoder mounted at the end of the
rotor using an IAS technique. Ben Sasi showed that IAS techniques can be used to diagnose
mechanical faults of a diesel engine and an induction motor using both time -intervals and FFT
(Sasi, Y. A.,, 2005 ). Sweeney and Randall showed that a gear based power transmission
system exhibits speed fluctuations due to a combination of effects, including geometric errors

and transmission errors (Sweeney & Randall, 1996 ).

Research efforts  have identified wireless communication technology, MEMS accelerometers and

digital signal processing, as key areas of innovation that can be used to develop a novel
wireless monitoring system for rotating machinery. The maximum speed of the machine
subjec ted to the test is 1420 RPM which is equivalent to 25 Hz. The challenge of replacing
wired sensors by wireless ones motivates this research for further investigation to rotor

dynamics.

1.8 Research Aims and Objectives

The aim of this research is to develop an d test an accurate and sensitive MEMS wireless

accelerometer suitable for condition monitoring application for rotating shaft fault diagnosis

The objectives of this research are focused on three main areas:
Sensor improvement:
X Objective 1: To develop a MEMS based wireless sensor unit and deploy it on a
rotating shaft by mounting it in tangential direction
X Objective 2 : To improve a wireless sensor unit for rotor dynamics measurements.
X Objective 3: To benchmark the new sensing system by comparing its me asured
data by wired sensor measured data
x Objective 4: To investigate the characteristics of the rotor dynamics including IAS
extraction methods, and parameters that might influence the IAS evaluation from a
wireless sensor.
X Objective 5: To measure the IA S and vibration of the system using conventional

methods.
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Rotor Modelling:

X Obijective 6: To develop an accurate model that takes into account t he dynamics of
bearing s and couplings.

x Objective 7: To improve the model to be a more accurate by taking into ac counts
the dynamics including misalignm ent, eccentricity and unbalance

X Objective 8: To study the characteristics of the rotor dynamics based on the model
and measurements made under normal and misaligned conditions.

x Objective 9: To study the characteristi  c¢s of the rotor dynamics based on the model

and measurement under normal and unbalanced conditions

Rotor Diagnosis

X Objective 10: To develop more advanced analysis techniques for rotor dynamics
based fault diagnosis, i.e. to differentiate bet ween unbalanc e and misalignment.

X Objective 11: To benchmark the wireless sensor diagnostic performance with
conventional vibration measurements such as conta ct accelerometers and non -
contact laser displacement systems.

X Objective 12: To study the characteristics of the rotor dynamics bas ed on the
model and measurement.

X Objective 13: To develop more advanced analysis techniques for rotor dynam ics
based fault detection using Time synchronous Averaging (TSA).

x Objective 14: To d evelop more advanced techniques for IAS based diagnosis.

1.9 Thesis Outli ne

The thesis consists of  ten chapters, the contents of which are briefly described below:

¥ Chapter Two : This chapter introduces conventional commercial accelerometer types with
the basic principle of their operation. In addition, i t gives a detailed description of the structure
and theory of operation of MEMS accelerometers. An overview of wireless technology and a

literature review of wireless sensors for condition monitoring are presented. Finally, the

internal structure and theor y of operation of the MEMS accelerometer used in this Thesis is
presented.

f Chapter Three : This chapter begins with design considerations. Then it defines duty cycle

signal and its frequency analysis. It then describes duo -binary carrier suppressed filte ring

using a Sallen -key active low pass filter, and design of a wireless accelerometer node circuit.

Sensitivity and calibration are discussed. In addition, wireless accelerometer power

consumption is presented. Finally, the uncertainty of the wireless sen sor measurements is
examined.
Tt Chapter Four : This chapter begins by introducing IAS; it then briefly demonstrates

conventional angular speed transducers used for obtaining IAS. The speed measurement error

equation for encoders is derived and discussed. Th e resolution of all sensors for IAS
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measurement is determined. Methods for IAS extraction from encoder are briefly presented.
Also, IAS extraction from a wireless sensor is discussed. Then, a comparison is made between

the IAS obtained from the wireless se nsor and other sensors. Finally, the TSA is applied to the
signals and a new approach of IAS extraction is discussed. Moreover, the IAS resulted from the

last method is compared to IAS from other sensors after applying TSA.

FfChapter Five : This chapter be gins with an overview of the bearing test rig used to carry out
the investigations. The data acquisition system and the transducers used to perform the

various experiments are described.

¥ Chapter Six : To verify the measured results, this chapter present s a mathematical model
that simulates various vibration signals of the test rig. It begins with a literature review of

rotor system misalignment modelling. It then describes the lumped mass method for modelling

the test rig for a two rotor system. The deri ved equations are solved using state space
approach. The results of the model are presented. Then, a more advanced analysis method is

used to model the four rotor system taking into account the bearings. In both models, the

wireless sensor output is derive d and explained.

¥ Chapter Seven : This chapter introduces a literature review for parallel misalignment. Then

it investigates a novel approach for monitoring shaft parallel misalignment using a wireless
vibration sensor which can be mounted on the surfa ce of the rotating shaft. This measurement
system can more effectively diagnose faults of rotating shafts because the signal to noise ratio

is higher due to direct sensor installation and combined response measurements. Both
theoretical analysis and experi mental results show that the scheme outperforms IAS

measurement when detecting shaft misalignments.

T Chapter Eight : In this chapter a systematic comparison is made using the bearing test rig

for detection of shaft misalignment between wireless sensor a nd other three common sensors:
a laser vibrometer, an accelerometer and a shaft encoder. These four sensors are used to
measure simultaneously the dynamic responses: IAS from the encoder, bearing house
acceleration from the accelerometer, shaft displacemen ts from the laser vibrometer and
angular acceleration from the wireless sensor. These responses are then compared in both the

time and frequency domains for detecting and diagnosing different levels of shaft

misalignment. Results show the effectiveness of wireless accelerometer in detecting the faults.

¥ Chapter Nine : In this chapter the bearing test rig is used to conduct a systematic
comparison of detection of shaft unbalance between the wireless sensor and two other
common sensors: an accelerometer and a shaft encoder. These three sensors are used to
measure simultaneously the dynamic responses: IAS from the encoder, bearing housing

acceleration from the accelerometers and angular acceleration from the wireless sensor. These
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responses are then compared i n both the time and frequency domains for detecting and
diagnosing different levels of shaft unbalance. Results show the effectiveness of wireless

accelerometer in detecting the two different unbalance cases

Chapter Ten : This chapter summarises the achie vements of the research work and explains

KRz WKH DLP DQG REMHFWLYHY VWDWHG LQ &KDSWHU 2QH ZHUH DFKLHY
contributions to knowledge and the novel aspects of the research are also included. Finally,

recommendations for future work for the wireless accelerometer development and usage are

provided and conclusions made.
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CHAPTER TWO

Wireless Sensing Technology

This chapter introduces conventional accelerometers commercially available. It also, presents

the basic principle of their operation and then provides a detailed description of MEMS
accelerometers, their structure and theory of operation. An overview of wireless technology

and a literature review of wireless sensors used for condition monitoring are presented. Finally,
the ch apter presents the internal structure and theory of operation of the MEMS accelerometer

to be used in this research Thesis .
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2.1 Introduction

Conventional wired accelerometers are commonly used in dynamic rotor vibration monitoring
and with shaft encoders and laser vibrometers, are used to determine the condition of a
rotating shaft. Conventional sensors are mounted on static parts of the machinery. The cables

for such sensing systems contain wires which carry the signal and are vulnerable to corruption

by ambient noise. Deploying a sensor directly on the shaft cannot be achieved using

conventional wired sensors. In such cases, wireless accelerometers are necessary.

Advances in low cost and low power MEMS accelerometers have led to the development of a
wirel ess sensor which can be mounted on the surface of the rotating shaft. Moreover, such an
arrangement will improve detection sensitivity and hence enable the detection of faults in their

incipient stage.

The earlier the rotating shaft defect is diagnosed th e lower the cost of maintaining the machine
(Kelly, 1997 ). The conventional accelerometers most used will be discussed and basic principle

operat ion presented. Since the novel wireless accelerometer utilised is based on MEMS
accelerometers, a detailed description of their structure and theory of operation is presented.

An overview of wireless technology and a literature review of wireless sensors a re given.

Finally, the internal structure and theory of operation of MEMS accelerometers are discussed.

2.2 Accelerometers

An accelerometer is a sensing element that measures acceleration; acceleration is the rate of

change of velocity with respect to time. It is a vector that has magnitude and direction.
$FFHOHURPHWHUY PHDVXUH LQ XQLWV RI 3" WKH VWDQGDUG YDOXH RI
HDUWKSYV VXUIDFH P Vo ORGHUQ DFFHOHURPHWHUYV FDQ PHDVXUL}
impact and motion of an object. The relationships between velocity and displacement  for

translational and rotational system can be expressed as:

R@T
= _@ IBQ L T7 2.1
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Where:
Transitional system: Rotational system:
=L T7: acceleration U: acceleration
RL T6: speed fi . speed
T . displacement a : displacement
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Although it is possible to comput e the acceleration of an object from displacement or velocity,
most accelerometers use a sensing method in which the movement of an inertial or seismic

mass relative to the accelerometer housing is detected (Fraden, 2010 ).

Basically, an accelerometer is a solid frame with an in ertia element ( m) whose movement may
be transformed into an electric signal. The mechanism of conversion can be, for instance,
piezoelectric  (Fraden, 2010 ). Figure 2.1 shows a general mechanical structure of such an
accelerometer. Mass, m, is supported by a spring having stiffn ess k and the mass movement is
damped by a damping element with a coefficient d. The mass is constrained to move only in
the vertical direction relative to the accelerometer housing. During operation, the
accelerometer case is subjected to acceleration Tg and the output signal is proportional to the
deflection T; of the mass m. Since the accelerometer mass m is constrained to linear motion,

the system has one degree of freedom.

-‘I
I

Figure 2.1 General layout of an accelerometer (Gardner, 1994 )

The accelerometer is essentially a mass -spring damper system in which the loading force FI Tg
drives a second order damped harmonic oscillator. The equation of motion of this system can

be expressed as:

| T E@TB E GT; L FI Tg 2.3
Where, T; is the d isplacement of the inertial mass ( m) relative to the rigid frame. Under
conditions of a sinusoidal acceleration of constant amplitude, the displacement amplitude, Ta
is directly proportional to the magnitude of the input acceleration, Xi, where (Fraden, 2010 ):
|
Ty L @%AWU 24
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The behaviour of this dynamic system is determined by four parameters; the frequency and
magnitude of the driving force, the natural frequency of the system Q, and the damping factor
RI WKH VA\VWHP | ZKHUH
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There are different types of accelerometers and each has its own unique characteri stics,
advantages and disadvantages. Accelerometers can be classified according to the physical
effect used as the sensing mechanism: piezoelectric, capacitive and Integrated Electronic

Piezoelectric (IEPE) accelerometers. A brief review of these accelerom eters is given below.

2.2.1 Piezoelectric Accelerometers

Piezoelectric accelerometers use crystalline materials such as barium titanate , lead -zirconate,
lead -titanate and lead metaniobate , which generate an electric potential when subject to an
applied stress. This is known as the piezoelectr ic effect. A crystal is sandwiched between the
case and the seismic mass which exerts a force proportional to the acceleration. These sensors

operate from frequencies as low as 2 Hz and up to about 5 kHz, they have good off -axis noise
rejection, high linea rity, and a wide operating temperature range (up to 120 ° C)(Fraden,
2010).

2.2.2 Capacitive Accelerometers

Capacitive accelerometers produce a change in electrical capacitance, when subjected to
acceleration. A capacitive acceleration sensor basically contains two components, the f irst is a
fixed plate and the other is a plate attached to the seismic mass, which is free to move inside

the housing. These plates form a capacitor whose value is function of the distance between the

plates. It is supposed that the capacitor value is modu lated by the acceleration (Fraden, 2010 ).
The accelerometer senses the capacitance change between a static condition and the dynamic

condition .

2.2.3 |EPE Accelerometer s

IEPE refers to a type of accelerometer transducer that is packaged with a built -in charge
amplifier or voltage a  mplifier. IEPE accelerometers are widely used nowadays because of their
capability of measuring vibrations with low noise at low frequency (<< 1 Hz) (Levinzon, 2008 ).

Moreover, IEPE accelerometers have the advantages of high sensitivity, large dynamic range,
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wide frequency and temperature ranges, low -output impedance and can be extremely compact

(Levin zon, 2008 ).

2.3 MEMS Accelerometers

The main factors that determine sensor success are its performance, cost and reliability.
However, sensor performance characteristics are severely limited by its size in some
applications (Reilly, Leach, Cuenat, Awan, & Lowe, 2006 ). The reduction of sensor size usually
leads to an increase in usage due to its lighter weight. The mass of an accele rometer will often
determine where it can be employed and so reduction in mass will increase its marketability.

The cost of a sensor is another important factor. Clearly, less material is needed to
manufacture a smaller sensor but the cost of material proc essing is often a more significant
factor. Silicon technology has facilitated the production of small, reliable processors in the form

of Integrated Circuits (ICs) using microelectronic technology (Reilly, et al., 2006 ).

Sensors are the interface between our world and electronic systems. They provide information

on the system being monitored through signal conditioning circuits to computers. By

processin g that information a decision can be taken. Initially sensors were large and posed

great challenges in terms of the packaging of the total measurement system. In the past few

years sensors have decreased in size due to the introduction of solid -state devic es and the

advancementin  micron size devices

Micro Electro Mechanical Systems (MEMS) are devices (with micron size tolerances) that are

fabricated using techniques similar to those used to manufacture integrated circuits, and are

able to monitor many ta  sks and functions that include mechanical, electrical, optical, fluidic,

and other types of processes (Michael, 2005 ). MEMS are increasingly finding applications in
many areas including condition monitoring (industrial processes), health care, etc. MEM S
accelerometers are low cost, low power with a mass that varies between 1 and 4 g, they are

capable of measuring both static acceleration (e.g., gravity) and dynamic acceleration (e.g.,

vibration) (Analog Devices, 2009 ).

The output of this type of device is a sign al whose duty cycle  (ratio of pulse width to period) is
proportional to the acceleration in each direction as shown in Figure 2.2. These outputs are
treated as digital output which can be read directly with a microprocessor counter (Analog

Devices, 2009 ). The integration of MEMS systems with neighbouring circuitry allows for
electrical actuation and signal detection with better performa nce, programmability and
adaptability along with miniaturisation and simplicity of the total system at a lower production

cost (Chen & Kuan, 2000 ). More information about the MEMS Generative accelerometer type

ADXL202AE can be found later in this chapter.
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Figure 2.2 ADXL202 Duty Cycle output (Analog Devices, 2009 ).

2.3.1 Sensing Mechanisms in MEMS Accelerometers

Typical sensing mechanisms used in MEMS sensors include piezoresistive, piezoelectric,
capacitive, resonant membranes and thermal sensin g technology (Elwenspoek & Wiegerink,
2001 ; Fraden, 2010 ). Each of these signal transducers require different fabrication techniques

and operate using different signal conditioning circu itry.

In this thesis, capacitive MEMS accelerometers are used because such accelerometers provide
high measurement accuracy and are sensitive to gravitational acceleration, which enable high -

resolution measurements of tilt and rotation (Elwe nspoek & Wiegerink, 2001  ; Fraden, 2010 ).

2.3.2 Comparison between Capacitive and Piezoresistive MEMS

Accelerometers

The main advantages of piezoresistive accelerometers are the simplicity of their construct ion
and fabrication processe s, and the rel ative ease with which signal can be read . However,
piezoresistive devices have some critical drawbacks such as low sensitivity and high
temperature dependence. Complex temperature compensation circuits are often ne eded and a

very large seismic mass is essential for an acceptable sensitivity.

Capacitive sensing is dominant in MEMS accelerometers for several reasons. Both surface and

bulk micromachining can be used to fabricate a variety of capacitive accelerometers w ith
performance ranging from the low -end automotive applicati on to high-precision inertial
navigation. Compared to piezoresistive accelerometers, capacitive accelerometers have high

sensitivity, low power consumption, low noise level, stable DC characteris tics and lower

temperat ure dependence (Elwenspoek & Wiegerink, 2001 ; Fraden, 2010 ).

2.4 Wireless Technology

Wireless technology is widely used in such common devices as mobile phones and int ernet
DFFHVV 7KH PDLQ TXHVWLRQ LQ WKH XVH RI ZLUHOHVV LV 3+RZ
condition monitoring the important point is that the range of a wireless link could vary from a

few feet to a few miles. The transmission range is determined by many factors including the

power of transmission, type and gain of the antenna used, the receiver performance and the
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required radio frequency link. The advances in wireless electronics have led to cheaper and
lower power wireless transmitter and receiv er modules. These modules are fabricated in such

way that no external RF components except antennas are needed.

25 Why Wirelessin Condition  Monitor?

Cost and flexibility are the two main factors that make a wireless sensor valuable and
appealing. In cases su ch as a rotating shaft, where use of a wired sensor is impossible unless
indirect contact or laser sensors were used or a wireless sensor must to be deployed. Wireless

condition monitoring can make monitoring much easier.

2.6 Overview of MEMS Wireless Sensing (Literature Review)

The deployment of a novel wireless accelerometer directly on the drive shaft has not been the

subject of much investigation. (Bejarano, Jia, & Just, 2009 ) used a wireless sensor to identify a
crack on a rotating shaft. From (Bejarano, et al., 2009 ) it can be seen that the presence of a
crack in a rotating shaft changes its vibration characteristics. (Cabanas et al., 2011 ) used a
wireless device for the early detection of broken rotor bars in induction motors. ZigBee ™
transceiver modules were used to transfer the da ta. The instrument used was statically

deployed near the induction motor (Zigbee Alliance, 2007 ).

(Korkua, Jain, Lee, & Kwan, 2010 ) used a MEMS tri -axis accelerometer to monitor the vibration
and study the unbalance of an induction motor. The vibrations in the three directions were
conditioned and transmitted through a Zigbee wireless network. The MEMS accelerometer was
positioned on the top of the motor casing. Under different operating conditions, the wireless

health monitoring is found to work satisfactorily (i.e, detects the moto  r specific fault)

(Sarkimaki, Tiainen, Ahola, & Lindh, 2005 ) explored the applicability of wireless technologies to
transfer and collect conditio n monitoring and maintenance data, and found that wireless
technology offers cost reduction. (Chung, Enomoto, Loh, & Shinozuka, 2004 ; Shinozuka, Feng,
Chou, Chen, & Park, 2004 ) used a MEMS accelerometer wireless network to monitor the
behaviour of a real bridge structure . Chung et al have compared the results from wireless with

that from traditional cabled sensor. They found that MEMS -based wireless sensors are cost -
effective for carrying out real -time monitoring missions. Shinozuka et al have shown the
feasibility of using MEMS -based accelerometers and wireless communication in m onitoring the

health condition of bridge structure.

Most of the researches listed above used a static accelerometer. The challenge of this work is
to deploy the wireless sensor on rotating shaft. In order to use a MEMS accelerometer
effectively and devel op a useful wireless sensor, a better understanding of their structure and

theory of operation is necessary. The rest of this chapter concentrates on these issues.
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2.7 Analogue Devices ADXL202 Dual -axis Accelerometer

In this thesis, the Analogue Devices ADXL2 02 dual -axis accelerometer has been used. This
MEMS accelerometer is used in a wide range of consumer, industrial, military, and automotive
applications (Analog Devices, 2009 ) (Hsu, 2008 ; Kovacs, 1998 ). The ADXL202 accelerometer
has a measuring range of £2 g (g = 9.81 m/s %), It provides both a  nalogue and digital output
signals, with sensitivities of 312 mV/g and 12.5 %l/g, respectively. It requires a DC voltage

supply between 3 and 5.25 VDC for operation and is capable of operating in a wide range of
temperatures. Table 2. 1 summarizes the charac teristics of the ADXL202 accelerometer (Analog

Devices, 2009 ).

Table 2.1 characteristics of the MEMS accelerometer used in this research (Analog
Devices, 2009 ).

Measuring range + 2g
Resonance frequency 10 kHz
Sensitivity ( Digital output) 12.5 %l/g
Operating voltage supply 3.0t05.25 VDC
0 g duty cycle 50%
Operational Weight 160 mg
Sensitivity (Analogue outputs) 312 mV/g
Temperature -401t0 85 °C

2.7.1 Sensor Structure

The ADXL202 sensor element is a differential capacitor whose output is proportional to
acceleration. The performance of the sensor is dependent on sensor beam design, see

Figure 2.3 (Weinberg, 1999 ). The beam is made up of many fingers. Each set of fingers is as

shown in Figure 2.3. The differential capacitance of each finger is proportional to the
overlapping area between the fixed outer plates and the moving finger, and the displacement

of the moving finger. In order to reduce noise and increase resolution, a large different ial

capacitance is needed (Weinberg, 1999 ).

1.3 Micron Gap

125 Micron
Overlap

2 Microns Thick

Figure 2.3 Beam Dimensions for a Single Finger (Weinberg, 1999 ).
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The height of the capacitor finger is fixed at 2 micron by the process technology, while the

length of beam overlap (125 micron) is adjustable to certain extent. However, | onger fingers
are harder to manufacture and increase the beam size which increases the cost (Weinberg,
1999).

The movement of the beam is controlled by the polysilicon springs holding the beam as shown

in Figure 2.4. ThHVH VSULQJY DQG WKH EHDPYV PDVV REH\ 1HZWR@TV 6HFF
(Where, F is force, m is mass, and a is acceleration) , and the deflection ( x) of a restraining

VSULQJ REH\V +RRNHTV /DZ DQG LV SURSRUWLR QIO WHiéte Wik $tifileS SOLHG |RI

and x is the displacement caused by the force.

Thus:
|
TL @GA= 2.7
According to the manufacturing process, the only two parameters that can be controlled are
the spring stiffness ( k), and mass ( m). Reducing the spring constant is an easy way to impro ve

beam sensitivity. The resonant frequency of the beam is proportional to the spring constant,

and the accelerometer must operate at frequencies below the resonant frequency (Harris, Cyril
M & Piersol, 2010 ) (i.e. in the flat region of the response). However , higher spring  constants
make for more rugged beams (higher shock survivability ). If the spring constant is kept as

high as possible, the only parameter left to change is mass (Weinberg, 1999 ).

For the ADXL202 a novel beam structure was developed, see Figure 2.4. The fingers that
constitute the X and Y axis variable capacitors are integrated along the sides of a single square

beam. This result is a reduction of the overall sensor area, yet the larger common beam mass

enh ances the resolution. A spring suspension system, shown in Figure 2.5, situated in the
corners of the beam, was designed to minimize cross -axis sensitivity (i.e., with acceleration
along one axis, any tendency tow ard motion or outputs in the orthogonal direction is

suppressed) (Weinberg, 1999 ).
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Figure 2.4 ADXL202 Beam Structure (Weinberg, 1999 ).
Figure 2.4 shows the stopper that connects the spring elements and the seismic mass
unigue design prevents over travel in any one direction a nd helps to prevent contact of the
capacitive plates.
Figure 2.5 One set of folded springs of the ADXL202 accelerometer (Weinberg, 1999

. ts
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2.7.2 Theory of Operation

Figure 2.6 shows a schematic of the MEMS sensor, which illustrates the principle of operation

of the dual -axis accelerometer. The tethers, or spring elements, are utilised to constrain
movements of the seismic mass. According to Figure 2.6, the vertical capacitive electrodes are
used to sense motions in the x -axis, and the horizontal capacitive electrodes are used to sense

motions inthey -axis (Analog Devices, 2009 ).

The seismic mass is attached to a reference frame by four sets of spring elem ents, located at
the four corners of the seismic mass. Each set of spring elements consists of two multi -folded
springs. The folded springs are orientated in such a way that they are perpendicular to each

other in order to allow motions of the seismic mass in the horizontal and vertical directions,

respectively, providing dual - axis sensitivity.

The fixed outer plates are driven with square waves that are 180 degrees out of phase. When
the movable fingers (and hence the beam) are centred between the fixed ou ter plates, both
sides of the differential capacitor have equal capacitance and the AC voltage on the beam is

zero. However, if the beam is displaced due to an applied acceleration, the differential

capacitance will be unbalanced and an AC voltage of ampli tude proportional to the
displacement of the beam will result as illustrated in Figure 2.6.

Differential

capacitive

sensqr cell

yT
— — |
Tether [ I— | x I—

B Anchor

Figure 2.6 Schematic showing the principle of operation
of a dual -axis accelerometer (Hsu, 2008 )

The AC voltage is amplified and then demodulated by a synchronous demodulator . Th e output

of the demodulator drives the duty cycle modulator (DCM) through a 32 -N» UHVLVWRU ZKLFI
incorporates external capacitors to set the bandwidth of each axis, creating a simple first -

order RC low pass filter (Richey, 1999 ). The analogue signal is filtered and converted to a

Pulse Width Modula ted (PWM) signal output by the DCM. The period of the PWM output may be

set from 0.5 to 10 ms, using a single resistor (Rser) (Analog Devices, 2009 ). A 0Og acceleration
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produces a 50% duty cycle output. Refer to Figure 2.7 for interactions and connections

between the various circuits inside the device as described above.

+3.0V TO +5.25V
Cx \:\x

v v Xq SELF TEST
® ] ,L\ ] - LT @_
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T2 = Rgep/125Mn
Figure 2.7 ADXL202 Circuit Architecture (Analog Devices, 2009 ).
2.8 Summary
The most common accelerometers for detectin g rotor dynamics have been briefly presented.

The principle mode of operation of accelerometers using piezoelectric crystals is based on
displacement of a seismic mass with respect to the housing. The motion complies with

IHZWRQYV VHFRQG ODZ

Acceleromet ers based on piezoelectric, capacitive and IEPE follow the same principle as does
the wireless accelerometer based on MEMS accelerometer but on a micro scale. The MEMS
based on capacitive effects are characterized by low power consumption, high sensitivity , large

temperature range and low noise level compared to piezoresistive accelerometers.

More effective health monitoring of dynamic components of machinery such as rotors raises

the need for wireless technology. The internal structure of the ADXL202 accelerometer shows
that the manufacturer can alter the spring stiffness and mass to improve beam sensitivity and

hence obtain a higher resonant frequency and wider frequency bandwidth. The internal

circuitry translates the structural behaviour of the accelero meter into an electrical signal that

directly corresponds to the acceleration.

The design and implementation of the ADXL202 -based wireless sensor are elaborated in

Chapter 3.
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CHAPTER THREE

Wireless Accelerometer Node Design

This chapter begins with d  esign considerations  for a low cost, low power wireless MEMS based
accelerometer including circuit design of the wireless node. The n setting sensor bandwidth and
centre frequency are presented . Since the output of the MEMS accelerometer is a duty cycle
signal (DCS), the analysis and filtering of this type of signal is discussed. After the new

wireless sensor was constructed, it was calibrated using a wired MEMS accelerometer of the

same type and different one. Also, the power consumption was measured. In ad dition, the
sensitivity of the new sensor was determined, and the frequency response is presented. In

order to estimate the performance of the wireless sensor, the static and dynamic sensor
characteristics were examined and the communication link was analy sed. Finally, sensor noise

analysis, resolution and signal to noise ratio were evaluated.
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3.1 Design Consideration

Condition monitoring systems need to be reliable and miniaturised in order to increase their

versatility and widen their range of application to new and different environments. MEMS
inertial sensors could be used because they are low cost, lightweight, require low power, have

high resolution digital output and have reliable long distance wireless data transfer (Hsu,
2008 ). An additional requirement is simple driving electronics. The purpose of this research is
to design such a wireless MEMS inerti al system to perform effective and accurate health

monitoring of rotating shafts.

Accuracy of the  wireless accelerometer s a function of the accuracy of both the sensor and the
wireless system. The accuracy of a MEMS inerti  al sensor is a function of its frequency range
which is a function of resonance frequency , the higher the natural frequency the greater the

frequency range of the sensor (Hsu, 2008 ). The reliability of a wireless communication link is a

function of the quality of the electronics and the transceiver Radio Frequency (RF) link.
Since the selected MEMS sensor provides a digital output, a wirel ess system was developed
and characterised to ensure reliable long (max 900 m) distance data transfer. Digital wireless

transmitter and receiver modules available are used to send and receive the acceleration data.

These modules determine the transmission range of the wireless MEMS accelerometer.

3.2 Wireless Accelerometer N ode Design

The wireless accelerometer used in this research was developed using MEMS accelerometer

ADXL202AE (described in  Section 2.7 ) with duty cycle output ( digital output).

The off -shelf RF transmitter and receiver modules with carrier frequency of 418 MHz were used

to construct a wireless data communications link. The transmitter and receiver were
manufactured by LINX (Linx, 2009 R , 2009 T ). These RF modules transmit and receive digital
signals. The modules use a Phase Shift Keying (PSK) algorithm of digita | modulation.

Figure 3.1 shows the RF modules used  photo , and

Table 3.1 summarizes important characteristics of the modules (Linx, 2009 R , 2009 T ). The LR
Series transmitter  module used is ideal for the cost -effective wireless transfer of serial data,
control, or command information in the range of 418 MHz band. When paired with a
comp atible Linx receiver, a reliable wireless link is formed, capable of transferring serial data

at rates of up to 10,000 bps at distances of up to 900 m. The minimum operating DC voltage is

2.1 VDC whereas the typical is 3.0 Volt. In addition, the temperatur e that the module can be

operated lies in the range between -40° Cto 70 ° C.
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Figure 3.1 RF transmitter and receiver modules (Linx, 2009 R, 2009 T ).
Table 3.1 Important characteristics of the RF transmitter (Linx, 2009 T )
Carrier Data rate Supply voltage 3V Data range Temperature
frequency min typical max range
418 MHz 10,000 bps 2.1 3.0 3.6 900 m -40°Cto 70 °C

Figure 3.2 shows the block diagram of the wireless accelerometer system. The wireless sensor

unit comprises the MEMS accelerometer and RF transmitter module. The received digital signal

(DCS) is passed through a low pass filter to reconstruct the analogue form of the acceleration
and then recorded. The digital form of the received signal is also recorded for further analysis.

The recorded signal is subjected to advanced data processing algorithms for analysis, i.e. time

and frequency domain analysis. In order to get a better understanding of the wireless sensor

output signal, the time and frequency analysis of the DCS is presented in the following section.

Dl
Wireless Sensor Unit >>>>> )
. Data

MEMS- Wireless Wireless Acqu’;siﬁon
Sensor Transmitt Receiver System

er Module (DAS)

Module |
Figure 3.2 Wireless sensing system block diagram

3.3 Duty Cycle Signal (DCS)

The one DCS in one period is shown in Figure 3.3. It has a period of T and duty cycle D (50%).
The value of D def ines ON time as a percentage of total period of the signal, T. 100% being
continuously ON. A low duty cycle is associated with low power because the power is OFF for

most of its period  (Bhargavi, 2011 ).
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J @
t
0 DT T
Figure 3.3 Duty cycle signal with period T and duty cycle (Bhargavi, 2011 ).
These signals can each be decomposed into a DC component plus a square -wave identical to
the duty -cycle but with time  -average amplitude of zero, see Figure 3.4.

I
Original Duty Cycle signal e Component

100-— -hon

Zero average square wave

Figure 3.4 Dec omposition of a Duty Cycle Signal (Bhargavi, 2011 ).
The DCS resolution is defined as the maximum number of pulses that can fitinto a DCS period .
The DCS period is defined as an arbitrarily time period in which DCS take place. It i s chosen to

suit specific application  (Bhargavi, 2011 ).

3.3.1 Frequency Analysis of the DCS

The DCS is periodic signal so it can be expressed in terms of its harmonics using Fourier

analysis. Figure 3.5 shows the one DCS signal time shifted to be a symmetrical function. D in

Figure 3.5 GHQRWHV WKH GXW\ F\FOH DQG 7 GHQRWHYV WKH '&6 SHUL
f®
< i i :
-r -1+27 27 0 Pr r-27 7
2 2 2 2
Figure 3.5 DCStime -shifted for even symmetry (Bhargavi, 2011 ).
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The Fourier series representation of an even periodic function f(t) shown in  Figure 3.5 can be

computed as (Bhargavi, 2011 ):

1
- tJeP tJéeP
BRL=EI =4 ... % —— ; E>ece P 31
6 6
a@b
Where:
g |
= L—+ BR@P
LT @
’ 3.2
a L~y BPR .. ‘@& A@P
i Y
S . tJeP
> L— £ BB ecd 5 p@ P 3.3
21
It immediately follows from Equation ( 3.1) that for an even function b n has a zero value. Let K
denote the amplitude of the signal f(t) in Figure 3.5. One obtains the following results after
performing the necessary integrals in Equations ( 3.2):
=4 L -&&
.5 s \ Y 34
= L - a- EDEJJe&F-<-ItJe@F—6ApC>é Lr
The DC value @ is equal to the duty cycle signal amplitude K multiplied by the duty cycle D,
i.e. the a verage value over the cycle. This is the value of the DC component required to
reconstruct the analogue signal from the duty cycle signal. The analogue voltage is within the
range of the level change in DC voltage. The values of a, represents th e amplitude of harmonic

components of the duty cycle signal which exist at integer multiples of the DCS carrier

frequency 1/T (Hz).
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Simulated signal at D= 30% and period of 0.0005Sec ay, Coefficients
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Figure 3.6 Simulation two DCS -time signals and corresponding amplitudes of
harmonic components (an).
Figure 3.6 shows, in the first column, DCSs of amplitude 3 V in time domain with 30% and

50% ON time. The DCS period is 0. 5 ms and is sampled every 0.005 ms, giving 100 samples
over the period . A M ATLAB simulation program was used to generate these signals using
Equation ( 3.4). The second column shows 50 components of the (a,) coefficients of the
signals, i.e. amplitudes of the harmonics. The ON time has noticeable effect on the harmonics
amplitudes. As the D value of the duty cycle increases so do the amplitudes of the lower
harmonics. In addition, the DC shift of the analogue form of DCS signal is directly proportional

to duty cycle as illustrated in Figure 3.7. By low pass filtering the DCS, the analogue form and

the DC shift of the DCS signal can be obtained. This is usually known as Digital to Analogue
Conversion (DAC).

DCS Filtered at 100 Hz

g
10 0f2 0f4 0.r6 0r8 i 1f2 lr4 1r6 1r8 2
Time (Sec) ¥ 107
Figure 3.7 Simulation DCS  -filte red with low pass at 100 Hz (DAC) for D = 30% and
D= 50%.
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3.3.2 Filtering Duty Cycle Signal

The easiest and cheapest way to reconstruct the analogue signal from the duty cycle is to use
a low -pass filter with cut - off freque ncy below the carrier frequency . This filter will remove the
high frequenc y harmonics, leaving only the DC component. In addition, the filter will allow the
duty cycle to be varied at frequencies up to the cut - off frequency and reflect this variation with

a correspondin g voltage level change i n the DC output. However, the ideal filter cannot be

built, and a real filter will always allow some portion of the harmonics to pass through . This
produces ripple s in the desired output, as illustrated in Figure 3.8 below.
Analog
Filter
t t
Original duty cycle signal Desired analog output
Figure 3.8 Analogue filtering of DCS signal (Bhargavi, 2011 ) showing ripples on the

S'HVLUHG DQDORJXH RXWSXW’

There are two methods to reduce these ripples. The first is to modify the analogue low -pass
filter by decreasing the pass  -band cut -off frequency. The se cond is to increase the stop  -band
roll -off (i.e., a higher order filter). However, these two methods have drawbacks. Increasing

the stop -band roll -off generally means a more complex analogue filter circuit, and
correspondingly a higher cost. Alternat ively, decreasing the pass -band cut -off frequency also
decreases the bandwidth. In other words, the reconstruction of the analogue signal is limited

in bandwidth by the bandwidth of the analogue low -pass filter. It is clear that a trade - off
between harmonic ripp  le and duty cycle carrier frequency is the only way to design a practical

analogue low -pass filter.

3.3.3 Analogue Low -Pass Filter Design Consideration

The DCS is converted to an analogue signal using a low -pass filter. The performance of this
filter heavily de pends on the type of filter used. Active filters (built using op -amps) are
preferred because of their no loading impedance, from which passive filters (built using

resistors, inductors and capacitors) suffer. The input and output impedance can change the

properties of the filter.

Two important filter properties in DCS applications are: bandwidth and the stop -band roll - off
rate. The filter bandwidth is defined as the frequency at which the filter frequency response
magnitude is -3 dB (Analog Devices, 2009 ). The effec tive filter bandwidth is directly related to

the maximum frequency of the DCS signal. The stop -band roll -off rate is the slope of the
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frequency response magnitude at high frequency. Combined with the bandwidth, the roll - off

rate determines the amount of ha rmonic ripple that will be in the output of the filter.

3.4 Circuit Design Process

The first step in the design is to select the period of duty cycle (T ») so that the analogue output
can be reconstructed. This can be achieved by setting T » to <1 ms, as the acc  elerometer is
designed to operate at duty cycle periods of between 0.5 ms and 10 ms (Analog Devices,
2009 ). Hence, the range over which the analogue signal can be reconstructed is between 0.5

ms and 0.9 ms.

The duty cycle period was adjusted to 0.544 ms by selectin g the value of resistor R et (see
Figure 2 - WR EH N» 7KH EDQGZLGWK RI WKH DFFHOHURPHWHU LV VHYV
capacitors C , and C, WR E) \Figute 2.7). According to the accelerometer data sheet

provided by (Analog Devices, 2009 ) the calculations of duty cycle period, frequency of DCS,

and the bandwidth of the accelerometer are:

qcr
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The printed circuit boards (PCBs) of the wireless accelerometer and the receiver were produced

using Protel from Altium Designer software. This software was chosen because the footprint of

the accelerometer (ADXL202AE), the transmitter (TXM -418 -LR) and the receiver (RMX -418-LR)
are available from their manufacturers only in the format of this softwa re. All these

components were surface mounted.

Figure 3.9 shows the circuit diagram of the wireless accelerometer and the receiver. All the
values accorded with the requirements and the specifications of the components in the data

sheet. The rate at which the data is transmitted is 10 kbps.

3.4.1 Construction of the Circuit

The circuit was constructed on a PCB and evaluated in accordance with the requirements. The
dimension of the final sensor shown in Figure 3.11 is 42 mm width and 45 mm length with 10

mm depth. The wire less sensor is powered by a 3 .0 V Lithium coin battery embedded
underneath the PCB to minimise the size of the device and possible vibration. Power analysis

will be discussed in Section 3.7. Since the wireless accelerometer on the rotating rotor is
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subject ed to high levels of vibration, precautions were also taken to minimise possible
vibration of components such as the splatch antenna. Its unique design makes it suitable for

this application as well as its low cost.

3.4.2 Wireless Accelerometer Operation

The D CS signal of the accelerometer shown in Figure 3.11 is transmitted at a radio frequency

of 418 MH z. This radio frequency signal is detected by the receiver module shown in

Figure 3.10 and passed to the low pass filter to reconstruct the analogue signal from the DCS.

Both DCS and the analogue signal from the low pass filter are fed to the data acquisition

system (DAS). The signal is sampled at 96000 Hz by the DAS and the recorded data is then

processed using MATLAB to obtain the acceleration signal.

@)

— [—
0 [—
(b) T [—
| L] [—
N [—
1 =
_ Iny
Figure 3.9 Circuit schematic designs for w ireless accelerometer and receiv er and
their PCBs (a) Wireless a ccelerometer node, and (b) Receiver

Figure 3.10 Receiver module circu it
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Figure 3.11 Wireless accelerometer.

3.4.3 Analogue Low -Pass Filter Design

A Sallen -Key active low pass filter was chosen to reconstruct the analogue signal from the DCS

see Figure 3.12. The components were selected to match the frequency of the duty cycle

(1.838 kHz calculated in Section 3.4) using equations and information from the data sheet of

the accelerometer. The LM358 Dual Operation al Amplifier was used. It works with dual or
single range supply voltage (x1.5 V to +16 V, 3 V to 32 V) (Texas & Instruments, 2000 ). The
transfer function of the Sallen -Key active low pass filter is given below in Equation (3.5)(Texas

Instruments, 1999 ):

C,

|
R, |

R,
>
I

Figure 3.12 Low pass Sallen -Key circuit (Texas Instruments, 1999 )
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8VLQJ WKH SDVVLYH FRPSRQHQWYV 5 N» -off freq@ency Wfkile fiftar\is
133 Hz. +RZHYHU WKH YDOXH RI WKH UHVLVWRU DFWXDOO\ XVHGffZDV
frequency was  Br132 Hz.

5
cot
o Lq-:5z’8:85[?:;>q:4&1468;65 3.7

Figure 3.13 shows the bode plot of the transfer function given in Equation (3.7) of low pass
filter.

Bode Diagram

Magnitude (dB)
A
o

=

[}
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Frequency (rad/sec)
Figure 3.13 Bode diagram of transfer function ( 3.7)

3.5 Sensitivity of the Wireless Sensor
The static sensitivity of the wireless sensor was  derived by pointing the x  -axis vertically. The

+1 g accelerometer output was measured (A) and then the sensor was turned 180° to
measure -1 g (B). Using values of the two readings, in voltage and duty cycle, from the

oscilloscope as shown in

Table 3.2 the sensitivity was determined according to Equation ( 3.8) (Analog Devices, 2009 ):
#F$
5AJOEP:E5@REP—tHC— 3.8

Table 3.2 Experimental static sensitivity calculation.

- Wireless sensor ( 1.838 kHz)
Characteristics
Duty cycle Analogue
At0g 57.2% 1.714 VvV
At +1g 72.8% 2.183 V
At -1g 54.5% 1.634 V
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1- Using duty cycle percentag e:
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2- Using corresponding analogue voltage ;

The value of the sensitivity given in

Table 3.2 is calculated using Equation ( 3.9):
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The sensitivity determined by Equations ( 3.8) and ( 3.9) gives the same results . the

measurements resolution will be discussed in Section (  4.3.1).

3.6 Wireless Sensor Power Consumption Analysis

The wireless sensor relies on the power supplied from a 3.0 V battery. The power consumption

of the main components of the sensor was analysed to determine how much power is needed

to keep the sensor functioning. Table 3.3 lists the power consumption of the main components
of the wireless accelerometer taken from their datasheets (Analog Devices, 2009 ; Linx, 2009
T).

Table 3.3 Power consumption of main components of the wireless accelerometer.

Component Power supply Power consumption

MEMS Accelerometer 3.0 Volt 1.8 mW (nominal)
0.6 mA (Typical) 3.0 mW (Max.)
1.0 mA (Max.)

Transmitter TXM -418-LR | 3.0 Volt Operational power=10.2 mw
3.4 mA Power down power=15 .0 nW
Power down current=5 .0 nA

Total ~0.6mA (Typical) ~12 .0 mW (Nominal)
~ 4.4 mA (Max) ~13.0 mW (Max.)

Battery 3.0 volt 570 mW (Max.)
190 mA (Max.)
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To maintain satisfactory operation of the wireless accelerometer node, it is necessary to
establish the minimum power required (2.7 Volt) . Without the drop  -off resistors of the MEMS
accelerometer and the transmitter module, the 3.0 V battery will provide the required power

supply, but over ti  me the battery will degrade and the voltage will drop below the minimum

voltage required to keep the accelerometer functioning. Therefore, an ON/O ff-switch is used to
save the power when the accelerometer not in use. Table 3.4 shows the minimum limits for

major components of the wireless accelerometer.

Table 3.4 Operating power of wireless accelerometer node.

Operating power (VDC)
Component
Min Typical maximum
ADXL202 2.7 3 5.25
RF Transmitter 2.1 3 3.6

The power supply of the receiver determines the amplitude of DCS signal. Thus, the receiver is

connected to a constant 5 VDC power supply.

3.7 Wireless Accelerometer Operation  Considerations

There are many factors that might contribute to the performance of the sensor, not least the
vibration the sensor will experience during its operation when mounted directly on a rotating

shaft. To reduce the effect of vibration some measures were considered . All soldered
components were ch ecked to eliminate loose or weak contacts. Special attention was paid to

the antenna as it is prone to vibrate. Thus, the antenna was soldered and glued on all sides to

ensure it could not vibrate during the dynamic tests. Also, the power switch was tested

carefully to avoid it becoming loose during the experiments. As stated earlier, the battery was

placed underneath the PCB to ensure tightness of fit and to prevent any loss of contact during

the dynamic tests.

3.8 Calibration Procedures

Generally the manufa cturers follow the International code ISO/ 16063 -21 (Is0/16063 -21,
2003 ) which gives the guidelines for the calibration of vibration by comparison to a reference

transducer. The calibration procedure adopted generally uses a si nusoidal vibration generator
(shaker) with varying frequency and amplitude. A well -calibrated comparison accelerometer is

usually used to characterise the measured responses of the accelerometer to be calibrated.

In general, accelerometer calibration proc edures use the following types of signal
measurements (Sinha, Jyoti K., 2005 ):

(a) Periodic signal -sinusoidal or/and swept  -sine,

(b) Random,
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(c) Impulsive.

The random and impulsive vibrations are not suitable for our purpose because the acceleration
intended to measure has no impulsive and random vibrations . Hence, the shaker will be used

in its periodic mode. Measurement of the relative accuracy of the sinusoidal response accuracy

satisfies the specified calibration procedure. This calibration procedure is important for wireless

sensor accuracy evaluation and also to reduce the degree of uncertainty of measurements.

3.8.1 Test Setup

Figure 3.14 shows the main apparatus of the test configuration used to carry out the
comparison between the MEMS wireless accelerometer and a calibrated conventional
accelerometer (reference accelerometer). The test setup consists of the following:

. Electro -dynamic shaker (JZK -51-SHAKER),

. Power amplifier for the shaker,

. Signal generator,

. SINOCERA data acquisition system,

. A computer with  Data acquisition control software (YE7600) , see Section 5.4.

. DC power supply for the reference accelerometer.

N oo o0~ WN P

. Reference accelerometer (wired MEMS)

RF receiver
Reference E \\
wired ICP - ﬂ
accelerometer \
Data
N Acquisition
Reference : *\\\ q
wired MEMS
accelerometer Wireless
Aluminium Accelerometer
w 3
Frame
Shaker Y Signal

generator

Power amplifier

Figure 3.14 Test rig configuration

The Electro -dynamic shaker, model JZK -51-SHAKER, has a wide frequency range from
10 Hz-2 KHz, Maximum force output is 500 N, and maximum acceleration in the sinusoidal
mode is 410 m/s 2. Its maxim um peak to peak displacement is -7.5 mm to +7.5 mm. The

Power amplifier (LDS PAE shaker power Amplifier PA25E) is a linear amplifier used to drive the
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electro -dynamic shaker. It accepts any type of input wave shape over a frequency range of
10 Hz-10 kHz. I t exhibits low distortion over its frequency range and operates with a wide
variety of load impedances. A FeedBack function generator was been used as the sweep

function generator.

The data acquisition module (SINOCERA YE6232B) is a high -performance USB d evice. It has
24 -bit A/D parallel data acquisition system. It also has a Voltage/IEPE input; 16 channel, built

in programmable gain amplifier and real -time digital filters.

3.8.2 Test Rig Configuration

The test setup configuration is shown in Figure 3.14; which shows how the apparatus was
connected. The excitation generated by the signal generator is fed into the power amplifier

where it is amplified and applied to the shaker. A sinusoidal excitation signal of different
frequencies with fixed amplit ude was used. The amplitude was set to 1g, since the wireless
sensor range is £2g. The range of frequency was selected between 10 Hz to 120 Hz which

cover the dynamic of the test.

The accelerometers were mounted back to back on the aluminium frame. The out put from the
reference accelerometer was connected directly to the data acquisition system while the output

from the wireless accelerometer was connected through the low pass filter where the
accelerometer DCS output was filtered. The output waveforms from both accelerometers were
displayed on a computer screen before recording. Finally, the voltage signals from the
accelerometers were recorded using the data acquisition system. Then the generation of the

time domain and the frequency domain of the signals were processed using MATLAB.

3.8.3 Test Methodology

The methodology was based on applying the same excitation to both the wireless
accelerometer and the reference accelerometer so that they experienced identical motion on

the shaker. The input to the shaker was driven by a sinusoidal excitation signal of different
frequencies and fixed amplitude. These signals were amplified before being fed to the shaker.

The responses from both of the accelerometers were recorded. The signal from the wired
accelerometer was use d as a reference for frequency and amplitude levels. The analogue
voltage output of the accelerometers was converted into digital signals by the data acquisition
which was connected into the PC where the acquired signals were displayed using a data
acquisi tion program created in SINOCERA software. The program also converted the vibration
signals from time domain to frequency domain using a Fast Fourier Transformation (FFT)
technique, and the acquired signals were then displayed on the front panel in time an d

frequency domains.
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3.8.4 Frequency Response

The frequency response of the wireless accelerometer was compared with the reference
accelerometer with known frequency response. The accelerometers outputs acquired were:
1- Wireless accelerometer DCS filtered at 100 H  z has sensitivity 40 mV/ms "2 (under the test).
2- Wired ICP Accelerometer ( Integrated Circuit Piezoelectric Serial Number 00016) has

sensitivity 5.106 mV/ms "2 (Reference 1).
3- MEMS wire d accelerometer has sensitivity 34.8 mVIms "2 (Reference 2).
4- Wireless DCS (unfiltered version of wireless accelerometer output).

Both wired sensors were used as reference to the wireless sensor

All the three sensors are mounted on the aluminium rectangular frame. The wireless
accelerometer is mounted on one side and wired MEMS a ccelerometer on the other side of the
frame while the ICP accelerometer is mounted on the top of the same frame as shown in

Figure 3.14. The sensitivity difference is taken into account in the analysis.

The outputs of the three accelerometers were then recorded using data acquisition with

VDPSOLQJ UDWH RI +] 7KH DFFHOHURPHWHUVY EDQGZLGWK ZDV
outputs with respect to different vibration frequencies were recorded. The maximum signal

freque ncy response was plotted using MATLAB code as shown in  Figure 3.15. It is clear from

Figure 3.15 the amplitude response of the wireless accelerometer is less than the other two

accelerometers. The wireless signal is filtered at 40 Hz and it is clear that the amplitude output

decreases above 100 Hz. The other accelerometers have higher bandwidth (500 Hz) which is

reflected on their higher amplitude response. For all three accelerometers at low frequencies,

below 10 Hz, the amplitude response is much lower than in the range 10 -40 Hz.

Figure 3.16 (top) shows the first harmonic 1X of each sensor. The curves show much the

same trends as the maximum signal response.

Figure 3.16 (bottom) shows the difference between the wireless accelerometer and the MEMS
wired accelerometer relative to the ICP wired accelerometer. The wired MEMS accelerometer
has a closer response to the reference accelerometer whereas the wireless accelerometer has

significant differences.

To compensate for difference between wired and wireless accelerometers, a modified wireless
response was generated as shown in Figure 3.17. This modified response was found usi ng
MATLAB functions as follows:
1- The difference between the wireless and reference accelerometer was determined at
each frequency.
2- The coefficients of the polynomial p of the difference determined in step 1 were

obtained u sing MATLAB function Polyfit .
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LT, L LT E LTS EL %0 A 4, TE Lass 310

The elements of p obtained were the polynomial coefficients for descending powers of
XP1P2oohPonn
3- By evaluating the coefficients obtained in step 2, the values of a polynomial of degree

3 were evaluated at frequency of interest (x) using MatLab function Polyvalue.

UL TPE LT EL, TP 8 A4 TE Lyss 3.11
The y value represents the acceleration for each frequency x. Figure 3.16 shows the
modified wireless values determined by using Equation 3.11 at various frequencies

using the following P values vector:
2L >arrr Fréarrr Frastt s&us?

4- The values of the polynomial obtained in step 3 were used to modify the response of
the wireless sensor to approximate more close ly to the reference accelerometer reading
as shown in Figure 3.17. The values were then saved to a file to be used in the later
rotor dynamics investigations. The modified frequency response was used in the

experiment s and investigations throughout this research.
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Figure 3.17 Accelerationa  mplitude modified response of wireless accelerometer at
1X
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3.9 Frequency Transfer Function (FTF)

To better understand the freq uency response of the wireless sensor, the frequency transfer
function needed to be obtained. To determine the frequency transfer function, LMS analysis
system was used. This system used a well -known transfer function accelerometer as reference.
Both the r eference and the wireless sensors were mounted on the aluminium frame on the
JZK-51 model shaker.

The frequency of the driving signal was swept from zero to 512 Hz with resolution 0.5 Hz, and

the two responses were recorded. The vibration signal was amplif ied using the LDS power
amplifier. Three consecutive measurements were taken. The acquisition parameters were:
bandwidth: 512 Hz, spectral line: 1024 (FFT), resolution: 0.5 Hz, average time (the duration of

each reading): 10 s.

Figure 3.18 shows the output FTF of the wireless sensor (+ve direction of sensitivity) obtained

from the LMS system. The cut -off frequency used in this experiment was 512 Hz. The figure

shows that the wireless sensor at frequencies below 10 Hz, had a very poor response.
Moreover, the response of the wireless sensor obtained from the LMS system demonstrated a

very similar trend to that shown Figure 3.17. The measurements from the wireless sensor
according to the FTF could be used for effectively measuring tangential vibration, over the

range of interest. In addition, the repeatability of the wireless sensor measurements indicated

that the responses were reproducible, see Figure 3.18. In addition, the response shows an

overshoot at 75 Hz which is caused by the system resonance.

Wireless Sensor FTF (Positive direction)

m«r‘\

I
Measure 1
Measure 2
Measure 3
Average

o/N

'NMW

60 80 100 120 140 160 180 200
Frequency (Hz)

Figure 3.18 FTF of wireless accelerometer (+ve sensitivity direction)

Figure 3.19 shows the output FTF of the wireless sensor ( -ve direction of sensitivity) obtained
from the LMS system. Compared with that of positive direction, it is clear that the magnitude
of the ripple on the plot is lower for sensor sensitivity in the tve direction. Below about 10 Hz,

the magnitude of the ripples is substantial. On the other hand for the sensor in the -ve
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direction the trend is smoother with no disturbance in the range 20-65 Hz. However,
repeatability in the +ve direction for wireless sensor measureme nts are not as clear as in
the -ve direction. Moreover, the response in the negative direction also has overshooting but

shifted to approximately 73 Hz. From both FTF, both directions can be used within the range of

interest (10 -60 Hz).

Wireless Sensor FTF (Negative direction)
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Figure 3.19 FTF of wireless accelerometer (-ve sensitivity direction)

3.10 Wireless Accelerometer on Rotor A nalytical Analysis

The conventional wired accelerometers are usually mounted on the housing of bearing s to
measure vibration (1s010816 -3, 2009 ). The scheme proposed in this research was to mount the
wireless accelerometer directly on the rotating shaft and a metallic holder was designed to
mount and hold the accelerometer on the shaft. The wireless sensor was mounted tangentially

with respect to the rotor, see Figure 3.20. The axis of maximum sensitivity of the sens or is
also supposed to be tangential. The sensor is placed in such a position (Tangentially) to
minimise the effects of centripetal acceleration (a «=r &) which could adversely affect sensor
operat ion. Errors possible due to mis alignment of the mounting of the wireless accelerometer

are now considered.

Figure 3.20 shows one possible error that affects the output of the wireless sensor. It shows
WKH VHQVRU D[LV LV PLVDOLJQHG E\ DQ DQJOH A bDifpétalLftfce(Q RoW QRUP D (

understand the consequent effect, an analytical representation is carried out.

Any change in angular speed of the shaft will produce a tangential acceleration, thus the
tangential acceleration is a function in the IAS and at constant an gular speed will be zero. Even
though this acceleration will be very small compared to the centripetal acceleration the IAS

can, theoretically, be derived from the measured tangential acceleration and confirmed by
measuring the actual IAS. From Figure 3.20 the acceleration acting in the axis of sensitivity of

the mis -aligned wireless accelerometer can be derived as:
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==L FC?KDR?K:O; E = ... “U; F =5* <+ U; 312
Where;
=x Wireless sensor effective output acceleration
= : Tangential acceleration

=y Centripetal acceleration

4-g cos(ot) sin(p)

a:cos(p)

de sin(p)

g cosfot) cos(p)
RREN

d: cos(p)

_ g cos(ot)
assin(p)

Figure 3.20 Mis -aligned sensor on the roto r

Assuming that the  instantaneous angular speed fluctuations ( @p of the rotor can be written as

sinusoidal waveform with amplitude A rad/sec and initial constant phase of I

Aol # O EAPE U, 3.13

Where, fi is the average angular speed of the rotor ; Thus, the tangential acceleration due to

change in the IAS can be given by:

@ . .
=QLN—I!7N#n?Pﬁ(DEU; 3.14
@
Where, % is the Instantaneous Angular Acceleration (IAA);  The centripetal acceleration can be
derived as:

=»L Nfi E 85 L Nei E # O ERIPE U;0 315

By substituting Equations  (3.14) and (3.15) in Equation (3.12), the accelerations acting on the

axis of sensitivity equation is derived below.

=.L FC?KR? K:O; E >N # ARG PE U;?... “U; F B\kfi E # O EAJIPE U;0C <4 U;

=L N #fi ? iOE U;0F C ? KR K:O; F B\ E # O EFIPE U; 0 G < +U; 3.16
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Using t he de rived accelerati ons acting in sensitivity axis E quatio n (3.17) a simulation program

was implemented. The results show that any change in the value of angle of inclination A ZLOO
affect the sensor output. The above analysis is base d on the sensor positive axis of sensitivity
Figure 3.21 show the tangential and centripetal accelerations, and acceleration predicted by

WKH ZLUHOHVV VHOMRtho®sWthdt in such a position the wireless sensor will read
tangential acceleration modified by the gravity component from the sensor . Despite high value

of the centripetal acc eleration, having the sensor axis accurately tangential eliminates its

effect.
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F F
600 H 1 ‘ /
a, i
a 0 .i'."i-"‘(‘ WL I ANy
500 H ¢ "
- a ' 4
S _1 /
400 10 410 810 1210
. /
Y
€ 300 /v 10°
S 2
(&)
< / o{
200
/ 2 b | '
P n
100 - 10 410 810 1210
0
200 400 600 800 1000 1200 1400
Speed RPM
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Figure 3.22 and Figure 3.23 VKRZ WKH DFFHOHUDWLRQV ZR&hd H10® respevtidaly. W R
W FDQ EH VHHQ WKDW WKH PHDQ '& Y D O XHDIQG G HAFUWHHIDWHH-ES DWW sAR

is seen that both angles affect the sensitivity of the sensor output. From this simulation,

increase and decrease in the DC value of the sensor output can be achieved, and will be

confirmed experimentally in Section 3.12.
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Figure 3.23 Mean of estimated accelerations ( tangential, centripetal, wirele ss

VHQVRU DW A

The other possible error in mounting the sensor on the rotor is where the centre of the sensor
is moved tangentially as shown in Figure 3.24. In such a position the accelerometer is not
perpendicular to the centripetal acceleration. Analytically, Equation (3.17) was derived from

Figure 3.24 and shows the effect of centripetal acceleration on the sensor reading.

EN

L] cosp
r

rz

Figure 3.24 Wireless accelerometer not perpendicular to the centripetal acceleration
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According to Figure 3.24, the accelerations acting on the sensitivity axis of the sensor

excluding gravitational acceleration can be derived as follows:

The centripetal acceleration = L Nab

=eL =? KOH =, =L =55 E =, 3.17

Obviously, if AL r Arl=r2, fq N fr and hence the sensor will read the tangential acceleration.
However, if  AMr then the wireless sensor will not read the tangential acceleration due to the

effect of the centripetal acceleration. Thus, measures should be taken to confirm that the
sensor is installed in the tangential position. The accuracy of the installation is found by
running the test rig at full speed with crystal clear perception of the acceleration signal from

the wireless sensor. This operation guarantees that the wireless sensor in the tangential

direction and the centripetal acceleration nullified.

3.11 Dynamic Characteristics of W ireless Sensor on the Rotor

The dynamics of a rotating shaft is very complex. The different effects which play major roles

in ma chinery vibration include residual unbalance , misalignment, bent rotor, etc., and are
being studied by, amongst others, (Hariharan, V., Srinivasan, & Engg, 200 9; Huer & Zhaojian,
2010 ; Jalan & Mohanty, 2009 ; Lees, A. W., 2007 (a) ; Qi, He, Li, Zi, & Chen, 2008 ; Redmond,
I., 2010 ; Tejas, H. Patel & Ashish, K. Darpe, 2009 ; Tejas, H. Patel & Ashish, K. Darpe, 2009 ).
These effects will affect sensor readings. Thus, the wireless sensor was subjected to dynamic

tests to determine how different effects affected the readings.

Figure 3.25 shows the different angular positions that the wireless sensor was mounted to
check its response. The reference angle is 0 ° at which the highest DC value was achieved. The

° is opposite to t he shaft rotation. At each angular

direction of angular shift with respect to 0
position, the wireless sensor DC response is determined. The aim of this experiment is to find
the wireless response at different angular position around the monitored rotor. The next

section will explain the experimental procedure and the results.

3.11.1 Test Procedure

The wireless sensor is fixed on metal holder (Hose Clip) shown in Figure 3.26. The weight of
the sensor and holder was 58 g. The wireless accelerometer was mounted directly on the shaft
in the tangential direction using metal holder. Also the angle of inclination Eis adjusted in

positive direction (+5  °) according to theory p  resented in Section 3.11. The position of the
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sensor at which high DC achieved was marke d as a reference. The test rig

speeds and the sensor reading s taken. Then the a ngular position

sensor was changed and same procedure followed

sequentially placing the sensor at different angular positions

This experiment was repeated by

. The results showed that each

angular position of the sensor on the rotor had different characteri

shows decreasing trend of the DC.

30°

45°

—90°

315°

270°

135° 225

18(|)"

stics see Figure 3.27.

Figure 3.25 Wireless accelerometer suggested angular positions on the shatft.

By changing the inclin  ation angle Ein negative direction  (-5°), the experiment results show an

increase trend of DC as illustrated in Figure 3.28. The discussion of the results obtained will be

presented in the following section

Em:ﬁ”rél?t‘

(a)

(b)

TogLWHsSrP'GMHswHsr?’I LzyrHsr’ ' Gd

7oL zyrHsr’"G@ H:sv#;®L s{dvo

Where: (148.7 rad/s) is the maximum rotor speed

Figure 3.26 Wireless accelerometer (a) F ixed on meta

| holder

(b) Mounted on shaft

was run at different

(see Figure 3.25) of the
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3.11.2 Results and Discussion

According to the analytical analysis discussed earlier, the two possible sensor inclinations:

increasing DC and decreasing DC were tested. Firstly, with decreasing DC, the different

angular placemen ts were tested. Figure 3.27 shows the DC values of the wireless sensor with
respect to different angular placements at different speeds. It is clear that at an angle of 0 ° the

highest DC value is observed whereas at 250  °

showed the lowest values . Figure 3.25 shows
how angles were determined. In addition, the sensor angular position on the rotor determines

the characteristics of that position of the rotor. Furthermore, the unbalance force imposed by

the sensor and holder mass will contr ibute to the change in the measured acceleration (refer
to Figure 3.26). Consequently, the correct angular position can be found from this chart which

is the position that gives the signal of greatest DC value .

DC shift at 40% load
1620 T T T T T T

1600

1580

1560

1540 | —&A— g0 -
—— 90° %
.

Magnitude (mV)

+ (o]
1520 180 -
225°
250°
1500 H 310° B
340°
—©— 350°
1480 [ [ [ [ [ [
200 400 600 800 1000 1200 1400 1600
Speed (RPM)
Figure 3.27 Wireless sensor with inclination angle ( A=5 °) with different angular
placement and speed, DC case .
Secondly, with increasing DC, the different angular placements were tested. Figure 3.28 shows

the DC values of the wireless sensor with respect to different angular placement at different

speeds. The angular placement of 120 % has the highest DC values whereas at 30 % showed the
lowest values. In addition, it i s clear that the sensor angular position on the rotor significantly

affects the measured  dynamic characteristics of the rotor due to the unbalance added by the
wireless sensor and holder mass as explained earlier . Consequently, the proper angular
position can be found from this chart. In this case, the angular placement at 120 ° the right
position since wireless sensor can read the highest DC values at high speed . The possible
factor that affects the measurement is the geometric centre of rotor mass (residua | rotor

unbalance and sensor holder mass contribution ) which can cause this phenomenon. Depending
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on the position of the sensor relative to that point the measurement will change accordingly.
The wireless sensor and its holder mass (58g) add to the residua | rotor unbalance at different

positions made such observation of the sensor output.

DC shift at 40% load
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Figure 3.28 Wireless sensor decreasing with different angular placement , DC case.

3.12 Transmission Link Analysis

3.12.1 Module Description

The TXM-418-LR transmitter is a low -cost, high -performance synthesised ASK / OOK
(Amplitude shift key ing / On -off keying) transmitter, capable of sending serial data at up to
10,000 bps. The transmitter is completely self -contained, requiring only an antenna as

additional RF component. When combined with an LR Series receiver, a reliable serial link is

formed capable of transferring data over line -of -sight distances of up to 1,000 m (Linx, 2009
T) 7KH PRGXOHTV ORZ SRZHU FRQVXPSWLRQ P DHMNbered \EpplicatidisO IRU
Where range is critical, the LR receiver is a good choice due to its outstanding sensitiv ity (Linx,

2009 R ). Modulation delay is 30 nsec.

3.12.2 Antenna Typeand Performance

The Splatch planner type compact antenna from Linx Technologies was chosen as suitable for
this application  (Linx, 2009 A ). lts centre frequency is 418 MHz, and has a low voltage

standing wave ratio (VSWR) of less than 1.9 a t centre frequency  (Linx, 2009 A ). It is also
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suitable for the wireless accelerometer node. Its input impedance matches the transmitter and

the receiver units, and hence the communication link. The specifications given in the Linx
Technologies design data sheet were followed to obtain b est performance  (Linx, 2009 A ). As
described in Section ( 3.4.1 ) the antenna was glued to the PCB to avoid any vibration that

might affect the signal transmission link.

Possible errors due to transmission are negligible since the modulation delay is very small
(30 nSec) . Also the transmission speed is much hig her than the acceleration signal bandwidth.

In addition the reflection signal will not affect signal reception.

3.13 Noise Analysis

An analogue signal in terms of voltage duty cycle signal proportional to acceleration was

successfully obtained from the wireles s accelerometer as shown in the Figure 3.29 (a). This
signal was conditioned and converted to digital using a MATLAB 7.1 code to obtain the
acceleration signal in the time domain. Figure 3.29 (b) shows a noisy sample in order to

demonstrate the performan ce of the filters used for signal conditioning

(a) Duty Cycle Signal @ 290 RPM
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(b) Acceleration from Duty Cycle signal
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Figure 3.29 Measured a cceleration in (a) Duty Cycle Signal form (b) Analogue signal
form
A capacitor of 0.05 upF at the output of the accelerometer filter s the signal at 100 Hz as

explained in Section  3.4.3 . This limits the bandwidth to 100 Hz, reducing noise. Digital filters
and a Hanning window were applied to the acceleration signal in the time domain to reduce

noise and spe ctrum leakage in the frequency domain, see Figure 3.30 (a) and (b). Then the
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filtered signal was transferred to the frequency domain by means of the spectr um of the
acceleration, as shown in the Figure 3.30 (b). The wireless accelerometer captures the rotor
speed as shown by the large spike in Figure 3 -39 (b) at 5 Hz (=290 RPM).

(a) Filtered Acceleration Signal @ 290 RPM
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(b) Amplitude spectrum of Acceleration signal
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Figure 3.30 (a) Filtered Acceleration signal (b) Amplitude spectrum

3.13.1 MEMS ADXL202E Noise

With the single filtered by a filter bandwidth ( BW) with pole roll -off characteristics, the typical

noise of the ADXL202E is determined by the following equation (Analog Devices, 2009 ):
trraC
‘<ol y L _VpH%$9 Hs& 3.18

From Equation ( 3.18), noise is proportional to the square root of the bandwidth of the
accelerometer. For instance, at 100 Hz the noise will be equivalent to an acceleration of 2.53
mg. Figure 3.31 show the relationship of ADXL202E noise with respect to the its bandwidth. As

the bandwidth i ncreases the noise increases.

Typical noise sour ces in MEMS accelerometer measurements stem from the mechanical
vibration of the polysilicon springs, from the signal conditioning circuitry and from the
measurement system itself ($QGUHMD aL) The mechanical noise source is the vibration of

the springs while the electrical noise source is the signal conditioning circuitry (Mohd - Yasin,
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Korman, & Nagel, 2003 ). Spectral peaks emerge, originating from the oscillators inside the

accelerometers signal conditioning circuitry (Mohd -Yasin, et al, 2003 ). ,Q WRGD\YV

accelerometers, due to high seismic mass, the mechanical noise floor is nearly negligible
compared to electrical noise  , but with a proper electrical circuitry design, electrical noise floor

can be reduced significantly (Mohd -Yasin, et al., 2003 ).

MEMS (ADXL202E) Noise RMS
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acceleration (mg)
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Frequency (Hz)

Figure 3.31 Characteristics of Wireless ADXL202E Noise RMS.

3.13.2 Wireless  Accelerometer Resolution

The resolution is defi  ned as the smallest signal change that can be detected; and it is governed

by the sensitivity, i.e. the magnitude of the response for a given input and noise. It can be

improved by either increasing sensitivity, or by lowering the noise (Mohd -Yasin, et al., 2003 ).
Lowering the noise floor can be ac hieved by low -pass filtering the sensor output. The
accelerometer bandwidth will determine the measurement resolution. Therefore, for a
bandwidth of 500 Hz, the resolution of the sensor was calculated using Equation (3.19) and

found to be equal to 5.7 mg /Hz *2.

3.13.3  Wireless Accelerometer Signal -to -Noise Ratio( SNR)

The signal to noise ratio compares the level of a desired signal to the level of noise. Equation
(3.18) gives the noise  (RMS) of the MEMS ADXL202 used in this research. The maximum
acceleration that the sensor can measure is +2g. Therefore, the SNR of the wireless sensor

then can be computed as:

At 500 Hz bandwidth the
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trracC

‘ot L l——pU¥wrrHs& L wkwx{C NwylC 3.19
YEV P ¢ i
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Which means the magnitude of the signal compared to the noise floor is very high (3633).

Figure 3.32 shows the sensor signal to noise ratio in dB at different bandwidths. The red curve
represents negative sensitivity axis direction while the blue one represents the positive
sensitivity ax is direction . It shows that the sensor has high SNR and this implies the sensor can
detect small accelerations.
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Figure 3.32 Wireless ADXL202 signal to noise ratio

3.14 Summary

In this chapter, an improved MEM S wireless accelerometer has been proposed. The
improvement consists of integrating the MEMS accelerometer (ADXL202) with a wireless
transmitter and receiver. The design and implementation considerations have been found that
the components prone to vibrati on such as antenna and battery should be installed carefully

The digital output waveform of the wireless sensor (DCS) has been described. The analogue

form of the acceleration is obtained through low pass filtering of the DCS signal.

The sensitivity of t  he wireless sensor has been obtained (tyvare G and the new wireless
accelerometer has been calibrated with reference to a known MEMS wired sensor. The
response of wireless sensor magnitude has been found less than that of the wired sensors.

Therefore , to improve the performance of the wireless sensor, its frequency response was
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modified using wired sensors frequency response. This modified response will be used in next

rotor dynamics investigations.

Power consumption of the wireless sensor unit has be en found that the minimum voltage to
keep the sensor working is 2.7 VDC. Moreover, the receiver unit should be connected to stable
power supply to maintain the magnitude of the received DCS not affected by any small drop in

the power of transmitter unit.

To obtain the best response from the wireless sensor, careful attention should be paid when
installing the sensor on the rotating shaft. The experimental and analytical analyses show that
if the sensor is not placed accurately tangential to the centre of t he rotor, the centripetal

acceleration will significantly affect the output reading of the sensor.

It has been shown that there are two ways that installation of the sensor can increase or

decrease the DC shift of the measured acceleration. Both are achie ved by changing the
inclination of the sensor. When the inclination angle Eis negative, the DC shift will increase
with speed whereas at positive inclination angle decrease. Furthermore, the angular placement

of the wireless sensor should not change once it is installed. Finally, the sensor has high signal

to noise ratio (3633) for a bandwidth of 500 Hz and a resolution of 5.7 mg. All these
procedures confirm the capability of the new wireless sensor to usefully detect vibration signals

originating from th e rotor dynamics.
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CHAPTER FOUR

Instantaneous Angular speed (IAS)

This chapter begins by introducing IAS, it then briefly describes conventional angular speed
transducers used for obtaining IAS. The speed measurement error equation for encoders is

derived and discussed. The resolution of all sensors for IAS measurement is determined.
Methods for IAS extraction from an encoder are briefly presented. Also, IAS extraction from a

wireless sensor is discussed. Next, a comparison is made between the IAS obtai ned from the
wireless sensor and other sensors. Finally, the time synchronous averaging (TSA) is applied to

the signals and a new approach to IAS extraction is discussed. The IAS obtained from the

wireless accelerometer after applying TSA and correction of gravitational effects is compared to

IAS from other sensors.
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4.1 Introduction

In practice mechanical rotating systems often rotate with varying speed. Sweeney and Randall
(Sweeney & Randall, 1996 ) showed that a gear -based power t ransmission system exhibits
speed fluctuations due to a combination of effects, including both geometric and transmission

errors. Li, et al., (Li, Yuhua et al., 2005 ) have reviewed some representative angular speed
measurement methods. Charles et al., (Charles, Sinha, Gu, Lidstone, & Ball, 2009 ) used the

IAS from the main drive shaft to represent the torsional vibration of a diesel engine and

introduced polar representation method for the IAS r ather than an FFT -based method to
discriminate between healthy and faulty cases. Ben Sasi et al., (Sasi, A. B., Payne, Gu, & Ball,
2001 ) used the v ariation in IAS to monitor electric motors. Feldman and Seibold (Feldman &

Seibold, 1999 ) investigated the magnitude and location of damage in a rotor system using IAS
(torsional vibration). These investigations have shown that IAS is useful for the condition
monitoring of a wide variety of machines (Sasi, A. B., et al,, 2001 ; Sasi, Gu, Payne , & Ball,

2004 ; Yang, J., Pu, Wang , Zhou, & Yan, 2001 ).

Rotary encoders are often used to measure the IAS. There are a variety of rotary encoders

available for a wide range of applications (Resor, Trethewey, & Maynard, 2005 ). Many of the
available encoders operate on the principle that the encoder provides an output when a tooth

passes through the sensing location. The output is a pulse signal characterized by voltage le vel
and is detected and collected by a data acquisition system. The pulses are often recorded

together with time information so that the IAS of the rotary component can be determined by

data processing.

Different data processing schemes may be used to obta in IAS from the pulse signals. These
schemes fall into two categories: finite difference (Belanger, 1992 ) and inverse time  (Remond,
1998 ). The finite difference method is used to find the av erage angular speed in a given time

interval, which requires a large number of pulses per revolution (PPR) for accurate
determination of velocities. The inverse time scheme is used to obtain the average speed
between two adjacent pulses, for which a high f requency clock should be used to sample the

pulse signal.

Laser -based techniques are commonly used for IAS measurement in laboratory investigations.

However, because of the high cost of laser -based instrumentation, it is unlikely to be widely
accepted for on-site IAS measurement for condition monitoring. Instead, much cheaper

devices such as shaft encoders, magnetic pick -up sensors, etc., provide alternative means for

IAS measurement. These devices produce signals in the form of an electrical pulse train. T he

time interval between successive pulses is inversely proportional to the speed of the rotor.
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For early fault detection and diagnosis, it is necessary to measure the IAS as accurately as

possible (high number of pulse per revolution encoder) . Recently, Li, etal. (Li, Yuhua, et al.,
2005 ) have addressed the influences of different sensor configurations on IAS measurement

and propos ed a number of basic rules for accurate IAS measurement. Usually, a higher clock

counter (or a higher sampling rate) produces a higher accuracy of IAS measurement.

In contrast to previously published works, this study investigates a novel scheme for the
me asurement of IAS. Specifically, a wireless accelerometer mounted directly on the rotor. This
technique aims to provide good measurement accuracy over a wide IAS range so that it can be

applied to a wide range of condition monitoring and fault diagnosis app lications.

4.2 |IAS Concept

Most rotor machine components rotate at variable angular speed. This results from force

variation inherent in their operation (Sweeney & Randall, 1996 ). Over the last few years, IAS -
based condition monit oring has made a significant progress. This section focuses on the
concept of IAS and the different transducers used to measure it. The average angular speed

overtime ¢ Pmay be defined as:

A=
XLE N=@A? 41
P
Where, ¢Eis the angular displacement, and ¢ Pis the time taken to complete the displacement.

In the limit as ¢Ptends to zero, the average speed approaches the instantaneous value of

O d 4dt . In other words, by reducing the time betw een consecutive measurements the
measured angular speed tends to the IAS. Thus, the resolution of IAS is limited by the number

of discrete points on the rotor used for the measurement. Hence, the number of pulses per

revolution (PPR) determines the resolut ion of the IAS transducer (Sweeney & Randall, 1996 ).

The angular speed of the rotor is measured by several types of transducers (Kenjo & Nagamt,
1985 ; Staebler, 2000 ; Zimmerman, 2002 ):
1. Potentiometers,
Hall - effect Sensing Devices,
Photo Pick up Encoders, (Opto -interrupter),
Absolute Encoders,

Incremental encoder,

o g~ 0N

Resolvers, and
7. Laser encoders.
The ones used in this study were incremental en coder and Opto -inturrupter as reference to the

new wireless sensor. The other transducers are out of scope of this thesis.
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4.3 Speed Measurement Error or Resolution Analysis

Rotational speed calculation based on pulse counting is

(Li, Y., etal., 2005 ):

XrB

JL/ 0o 4.2

Where
n: Shaft speed to be determined ( RPM);

/ : The resolution of shaft encoder, i.e. the number of pulses per revolut ion ( PPR);

0¢g The number of base units counted at the specified clock frequency ( RPM);

B. The clock frequency or sampling frequency (Hz).

To estimate the error due to the uncertainty of pulse counting, Equation (

4.3) is a first -order
Taylor expansion of Equation 4.2 with respective to

O (Li, Y., etal., 2005 );

'JL—Xrae'O LJ ;0 4.3
é U L— ¢U¢ .
/ 0@6 © 0o ©
The counting uncertainty is between Ogand ( OgE 9, i.e. the maximum counting error is no
more than 1, so the absolute error for the worst case occurs at ¢OpL s
' J L J ;0 L J
é 006 o) 0% 4.4
Considering the error at a specific rotating speed J, the number of base units counted can be
calculated using Equation (  4.2) as;
XrBe
O@ L 4.5
=,
The maximum error at speed Jais;
Xr B Js
g L———— L— 4.6
o4 / an Oy
Substituting Equation ( 4.5) into Equation ( 4.6) gives;
XrB 3,8/
¢da L s L 4.7
/ 001 xXr %

Equation ( 4.7) shows the relationship between the maximum error and the measurement
parameters.
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The error calculation can be based on the estimate of the speed measurement resolution,
which is defined as the possible speed difference that can be achieved by puls e counting

method using a shaft encoder.

To obtain high accuracy measurement, the resolution values should be configured based on
measurement system as low as possible. For condition monitoring applications, a sensor with
dozens or hundreds of pulses per revolution is sufficient for most machinery monitoring and

diagnosis. The determination of resolution is based on the machine operation specifications (Li,

Y., etal.,, 2005 ).

In implementing speed mea surement, the parameters M and RB.usually remain unchanged.

However, machines may operate at different speeds, and the measurement accuracy will vary
with the speed. Table 4.1 below shows how the resolution is different with operating speeds

when M =360 PPR at fs=100 kHz, fs=20 MHz and when  M=100 PPR at fs =96 kHz.

Table 4.1 RPMr esolution with different speeds and different sample rates

N, +shaft ¢d4 (RPM)- at ¢J4 (RPM) - at édq (RPM) - at
f,=100 kHz f;=20 MHz f.=96 kHz

speed ( RPM) M=360 PPR M=360 PPR M=1 00 PPR

500 15 0.075 4.340

1000 60 0.300 17.36

1500 135 0.675 39.06

2000 240 1.200 69.44

10000 6000 30.00 1736.11

The resolution ma y be too poor to resolve the speed variation at a sampling rate (base clock
unit) of 100 kHz whereas at low M (100 PPR) at 96 kHz, the resolution is improved than that at
360 PPR. However, a 20 MHz clock rate would be acceptable as the resolution is signif icantly
higher (i.e. 'nis inversely proportional to the sampling rate).

4.3.1 Determination of Sensor Resolution

To better understand the capability of sensors (wireless, encoder, opto -interrupter) in

capturing the IAS, the resolution of each sensor is calculated. The resolution of the encoder
and opto -interrupter can be calculated assuming that they generate ideal trains of pulses and
instability of the clock frequency is negligible. Thus, Equation (

WKH UHODWLYH V(8iHY &t &, 2008 U )0

4.8) can be used to calculate

BN &) N > ;0
3 Oo(’ o]
As the maximum counting error is 1, the maximum measurement error can be rewritten

as(Li, Y., etal., 2005 );
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. J/
YL G—— 4.8
XrBe
Where n is the measured speed of the rotor , fs is sampling frequency, and M the number of
pulses per revolution from the sensor. Using Equation ( 4.8), the resolution of encoder and

opto -interrupter can be calculated as (rated speed driving shaft 1420 RPM, sampling frequency
96 kHz)

X Encoder resolution;

SV”OS”HtUNLrarth—@A'? 49
xrO{xrrr  xr B ' '

X Opto -interrupter resolution;

SVtroertUNLr&rSV\N‘@A" 410
xrO{xrrr xr B ' '

X Wireless accelerometer  resolution ;

The RMS of accelerometer noise is determined by the following eq uation (Analog Devices,
2009 ):
trracC —
‘cof ;L _VpH3/4$9 Hs& 411
Since the bandwidth of the accelerometer is 500 Hz, then the noise (RMS) can be calculated
as:
trraC . N
‘o f ;L 3/ﬂ/pH%NrrHsa(L\/\e(wx{%oNv\,e}y-%o

For circular mo tion the amplitude of tangential acceleration can be computed using;

_ @n
=L N g

Assuming a; behaves in sinusoidal form;
ﬁ.j P
@L< @

AL+S@P
¢n N@

; ¢

L—
M E-NHtHeHB 412

Hence, the wireless sensor IAS resolution at full speed can be determined using Equation

(4.12)
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o 07 .
Wy Hsr'' H{& )
X L—— Lratu”ftet...
A SsvawHs P Ht HNHtw f
The relationship between frequency and the resol ution of each sensor is depicted in Figure 4.1
below:
¥ Resolution
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""" Opto-interrupter
2 || 7T Encoder
10 - |
1735 1935
2 ; ;
e
g 10 |
<
el
5
)
2 E E
o eI et e T
2 e e e n SRS :
< emmmTIIIIIIER-
/";:""’—
4|5
10 r |
§
n
I
107 r ; L r r
0 20 40 60 80 100 =

Frequency (Hz)

Figure 4.1 Resolution with angular speed for 96 kHz clock frequency for encoder,
opto and wireless accelerome ter

Figure 4.1 shows that the resolutions of sensors come close between about 75 Hz (4500 RPM)

and about 95 Hz (5700 RPM). These values are well above the maximum speed of the test rig

(14 20 RPM). The expected results showed clear difference between the wireless sensor and the

other two sensors.

4.3.2 Experimental | nvestigation of Resolution
The resolution of the sensor limits its accuracy. To verify the resolution of the wireless sensor
for the different conditions of the shaft, the test rig was subjected to different conditions of

horizontal misalignment (see Section 5.2.3) . The purpose of this experiment was to test the

capability of each sensor in determining the IAS for four test cases: aligned and

three different

degrees of shaft misalignment. Table 4.2 shows the spectral amplitudes for 2X, 3X and 4X of

running speed harmonics for each of the three sensors (wireles s, encoder, opto

different conditions

-interrupter)  at
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Tabl e 4.2 IAS spectral amplitudes for first three harmonics at different degrees of

shaft parallel misalignment

Alighment case Sensor 2X (rad/s) 3X (rad/s) 4X (rad/s)
High level of Encoder 1.60 0.30 0.30
misalignment Opto 1.44 0.23 0.20
1.60 mm Wireless 2.16 0.38 0.40
Medium level of Encoder 0.13 0.08 0.20
misalignment Opto 0.24 0.09 0.07
0.35 mm Wireless 0.45 0.20 0.11
Small level of Encoder 0.10 0.06 0.15
misalignment Opto 0.08 0.06 0.04
0.25 mm Wireless 0.40 0.22 0.10
Encoder 0.20 0.09 0.10
Aligned (0.03 mm) Opto 0.05 0.05 0.02
Wireless 0.10 0.05 0.02
From the amplitudes of the spectral harmonics (2X, 3X and 4X) for all three sensors and
referring to their resolution (see Figure 4.1, and Equations (4.9 -4.11)), itis clear that:
X At the highest level of misalignment all three sensors clearly indicate the presen ce of

vibration fluctuations. At the medium level of misalignment the encoder appears the least
reliable and the wireless sensor the most reliable for indicating vibration fluctuations. At the
smallest level of misalignment the wireless sensor appears the most sensitive of the three
devices. However, in the aligned case the wireless sensor, at 3X and 4X running speed,
hardly captures the IAS because of the closeness of resolution of the sensor and the signal
amplitude.

X The second harmonic (2X) of running s peed appears the most reliable harmonic for
identifying shaft speed fluctuations.

Xx $OVR LWIV FOHDU IURP W KHHguskeH 4. R)Ghxt\thée RSpIUBE RfWoth encoder and
opto -interrupter increases with rota tional frequency nonlinearly  whereas the wireless

sensor resolution decreases as rotational frequency increases.

Resolution change with respect to the alignment condition is demonstrating the sensors
capability for  fault detection with different degrees. However, the wireless sensor results show

more capability for ~ small fault detection.

4.4 |AS Extraction

IAS extraction from the encoder (train pulse signal) is important for IAS based condition

monitoring. Elapsed time uses the time interval between success ive pulses (Li, Y., et al.,
2005 ). However, an alternative is frequency domain analysis based on an FFT -based approach
and using the Hilbert transform. For the wireless sensor, the extraction is achi eved by

integrating the acceleration signal in the frequency domain.
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Extraction methods will be discussed in more detail in the following sections. A comparison

between both IAS from encoder and wireless accelerometer has been developed.

441 Time -Interval Te chnique

To compute the variation in the speed of the shaft, the train of pulse per revolution generated

by an encoder can be used.

In this approach, time intervals between pulses were measured and then the approximate IAS

is calculated for a portion of th e shaft revolution. In rotary incremental encoders the speed of

the rotor is inversely proportional to the time interval, @, between successive pulses (Li, Y., et
al., 2005 ), but the values of @ in the train are not uniform because of the variation of the

rotor speed. Thus with the time interval technique one measures the pulse duration, @;,
between successive pulses, (i.e. elapsed time or time span for pulse i), as shown in Figure 4.2.
Computing the inverse of these time intervals gives the IAS variation waveform.

Encoder Pulse Signal
3000 ! T T ; ! T ! ; T
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1000

Amplitude (mV)
o

-1000
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e i i i i i i i i i
0 0.1 0.2 03 04 05 0.6 0.7 08 0.9 1
Time (Sec) -3

Figure 4.2 Typical signal pulses in time interval technique
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Figure 4.3 IAS Time interval principle
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Consider M evenly spaced encoder pulses in one revolution, assume the duration of the clock
cycle is tg seconds and the number of clock cycles in a pulse is N¢, thenthe | AS in rad/sec can

be calculated as; see Figure 4.3

XL 413
Ry '
The time interval of the given speed pulse is given by (Li, Y., 2003b );
cRL O 414

The IAS can be calculated by s  ubstituting Equation (  4.14) into Equation ( 4.13). For the IAS
software -based time -interval approach, the calculation of pulse intervals (Ryis based on the
measurement of th e zero -crossing points between successive pulses of the encoder signal, as

shown in  Figure 4.2. These zero -crossing points are calculated by differentiating the encoder

output signal to determine the beginning and the end of the pulse time intervals a¢ Hence,
the IAS signal can be calculated by substituting the resulting ¢into Equation ( 4.13). In this
research, the IAS software  -based time interval method 