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Abstract

The most common sensors that are used to monitor the condition of a machine health are wired
accelerometers. The big advantages of using these types of accelerometers are their high
performance and good stability. However, they have certain drawbacks as well. These
accelerometers are large in size and require a cable for external power source. Hence a more
reliable and cheaper alternatives of these conventional accelerometers are needed that can
eliminate the drawbacks of the wired accelerometers. This thesis reports the application of
wireless Micro-Electro-Mechanical System (MEMS) accelerometer for machinery condition
monitoring. These sensors are so small that they can be easily mounted on the rotating machine

parts and can acquire dynamic information very accurately.

One critical problem in using an on-rotor accelerometer is to extract the true tangential
acceleration from the MEMS outputs. In this research, the mathematical model of an on-rotor
triaxial MEMS accelerometer output signals is studied, and methods to eliminate the
gravitational effect projected on X-axis (tangential direction) are proposed. The true tangential
acceleration that correlates to the instantaneous angular speed (IAS) is reconstructed by

combining two orthogonal outputs from the sensor that also contain gravitational accelerations.

To provide more accurate dynamic characteristics of the rotating machine and hence achieving
high-performance monitoring, a tiny MEMS accelerometer (AX3 data logger) has been used
to obtain the on-rotor acceleration data for monitoring a two-stage reciprocating compressor
(RC) based on the reconstruction of instantaneous angular speed (IAS). The findings from the
experiments show that the conditions of the RC can be monitored and different faults can be

identified using only one on-rotor MEMS accelerometer installed on compressor’ flywheel.

In addition, the data collection method is improved by considering the wireless data
transmission technique which enables online condition monitoring of the compressor. Thus, a
wireless MEMS accelerometer node is mounted on the RC to measure the on-rotor acceleration
signals. The node allows the measured acceleration data to be streamed to a remote host
computer via Bluetooth Low Energy (BLE) module. In addition, the device is miniaturised so

that can be conveniently mounted on a rotating rotor and can be driven by a battery powered
15
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microcontroller. To benchmark the wireless sensor performance, an incremental optical
encoder was installed on the compressor flywheel to acquire the instantaneous angular speed
(1AS) signal.

Furthermore, conventional accelerometer mounted on the machine’s housing provide lower
accuracy in diagnosis the faults for planetary gearboxes because of the planet gears’ varying
mesh excitation due to its carrier movement. In contrast, installation of the smaller AX3
MEMS accelerometers is done at diametrically opposite direction to the each other of the
planetary gearbox’s low-speed input shaft, allowing measurement of the acceleration signals
which are used for condition monitoring of the gearbox. The findings from the experiments
demonstrate that when tangential acceleration is measured at the planetary gearbox’s low-
speed input shaft, effective fault identification is possible, offering reliability and economy in

monitoring the health of planetary gearboxes.
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CHAPTER1 INTRODUCTION

In recent years, modern industrial processes have become more complicated, which means that
maintenance tasks have become more important and the need for good, simple and cheap
maintenance planning has grown. This research aims to introduce a new wireless condition

monitoring method achieving an effective reduction in maintenance cost.

This chapter begins with an overview of maintenance strategies and the most well-known
condition monitoring techniques. Then, it presents the wireless condition monitoring system,
after which the research aim and study objectives are described. Finally, it explains the thesis

structure.
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1.1 Maintenance Strategies and Condition Monitoring

The main goal of any investment made by industrial companies is to reduce costs, enhance
product quality and achieve maximum profit, which is a challenge faced by many companies.
As today’s industrial machines are becoming more automated, larger scale, more complicated,
integrated and involving hundreds of pieces, the unexpected breakdowns of a single item not
only damages the component itself but might also affect the other related components [1]. Due
to this, many different faults and failures can occur in the machinery, resulting in performance
reduction, significant economic loss, and even worse, catastrophic accidents such as
explosions and personal injury.

Every year, industries spend billions of dollars on machine maintenance, allocating around
40% of the total production budget for this [2]. Besides, it is proposed that a large chunk of
the net maintenance costs, approximately one-third, is unnecessarily expended due to poor
planning, overtime or poor use of preventive maintenance [3]. A significant saving in
maintenance costs can be successfully achieved by implementing effective and sufficient
maintenance programmes.

Different maintenance strategies have recently been developed to keep machines running in a
normal condition and reduce downtime. Breakdown maintenance, preventative maintenance,

and predictive maintenance are the most well-known strategies used by industrial companies.

1.1.1 Corrective Maintenance

Breakdown maintenance, also termed by run-to-failure maintenance, is carried out only when
the machine completely fails, and there are no predetermined actions required to prevent
system failure. It involves repairing or replacing failed equipment so that the machines are
made able to perform their required functions after they have failed [4]. Figure 1.1 illustrates

the different stages of breakdown maintenance.

Fault | g Fault | Dismantle |» Repairor

—> > —» Vern i
detection location Replace gy Test REsia e

Figure 1-1 Stages of a breakdown maintenance task [5].

This strategy is generally applied when, for example, the cost of a new replacement machine

is cheaper than maintenance costs, and all known failures are safe and do not result in critical
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damage or cause ruinous accidents. On the other hand, run-to-failure maintenance strategy is

the most expensive among maintenance strategies when it is applied to critical equipment.

1.1.2 Periodical Maintenance
Periodical maintenance, which is basically scheduled for predetermined periods, is one of the
older methods used to examine machines in industries to detect faults at an earlier time than

failure, and is shown in stages in Figure 1.2.

Repair or
Replace

y

Dismantle Assembly Test »| Verification

Figure 1-2 Stages of a preventive maintenance task [5].

This approach sets maintenance tasks to be performed at specific time intervals to avoid
equipment failure through repairs, maintenance or even replacement of components [6].
Compared with breakdown maintenance, a scheduled maintenance strategy can result in
savings in maintenance costs. However, this method is still expensive, in which about 30-40%
of preventive maintenance costs are spent on unnecessary actions, and incorrect priorities are
chosen and implemented [2]. Besides, in some cases, machines parts are replaced while their
condition is still good. Also, unexpected failures may occur before the next scheduled

maintenance session, leading to machine downtime.

1.1.3 Predictive Maintenance

This strategy is also indicated as Condition-Based Maintenance (CBM). It monitors the
machine’s condition and performance to detect any changes in the system, and this can provide
useful information about the machine’s state. The information measured is compared with the
normal machine parameters, and then a decision on whether maintenance is required can be
taken. The predictive maintenance strategy is a powerful approach in which detecting
abnormal conditions and faults early can give time to plan maintenance schedules and prevent
system failure. However, a successful CBM strategy needs experts to analyze the data obtained
from the additional investment in instrumentation, and also to suggest maintenance tasks. The
benefits of CBM are the potential to avoid unexpected failures, minimize downtime, reduce

cost by avoiding unnecessary machinery maintenance and improve reliability and safety.
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Various predictive maintenance techniques, including noise level monitoring, instantaneous
angular speed (1AS) analysis, vibration monitoring, temperature measurements and ultrasonic
analysis, can be applied to detect any change, and thereby, machine condition can be indicated
and its performance can be predicted. Table 1.1 summarizes a comparison of the maintenance

strategies explained above.

Table 1-1 Comparison of maintenance strategies

Strategy Summary Cost to | Advantages Disadvantages

implement

; Can cause a huge
Breakdown | Fix when it breaks Ideal for unimportant i cost (rociucion
maintenance Low equipment

loss)

e No expertise eNot easy to determine

Periodical Maintenance at _ '
i ; required the ideal maintenance
maintenance | predetermined Average q - _
. interval.
intervals e Reduces accident

rates o Interrupts pl’OdUCtIOﬂ

.o @ EXxpensive as extra
Predictive Machinery Can be cost effective instrumentation is
maintenance | condition- based High by reducing the needed
maintenance unnecessary schedule

of preventive o Needs experts to

maintenance. analyze data

1.2 Condition based Monitoring Techniques

Condition based monitoring programmes rely on data gathered from monitoring machine
condition to inform maintenance activities. This approach seeks to eliminate unneeded
maintenance, with activities only implemented where abnormal readings which may indicate
a fault are found. Effective organization and implementation of CBM can minimise

maintenance costs, with fewer unneeded maintenance work being undertaken.

Figure 1.3 shows a typical CBM procedure, including three essential steps, which are [7]:
1- Data collection: acquiring parameters including vibration, noise level, temperature,

motor current and pressure, etc.
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2- Data processing: information collected in step one is analyzed to provide an accurate
description of the machine’s condition.

3- Fault diagnosis and decision making: recommending effective maintenance policies.

\

Data Data Fault Diagnosis and
Acquisition Processing Decision Making
\ 4 l
[ Raw data Available analysis technique Action ]

Figure 1-3 Condition based maintenance main steps [7]

Different parameters can be used by the machine as languages to inform the investigator about
its condition, and different techniques are used to enhance the accuracy, reliability and
applicability of condition monitoring systems. This brings an important question: which
physical parameters are to be monitored to obtain an accurate and quick description of the
machine’s condition, allowing the correct maintenance to be carried out? Noise level, current
and voltage signals, vibration, acoustic emission, and many other parameters can be used

individually, or they may be combined to offer better diagnosis [8].

1.2.1 Visual Inspection

Visual inspection based condition monitoring is a conventional method based on basic human
senses such as smell, sight and hearing. It offers a simple, easy and cost effective method to
detect problems such as leakages, loose mountings, cracks, corrosion and structural cracks [9].
Although the cost of this method is low compared with modern techniques for condition
monitoring and it does not require any extra instrumentation to be installed on the equipment,
a high skilled person based on long experience is required to obtain a good diagnosis [7].
Besides, different findings may be concluded for the same machine by different examiners as

they have different personal skills and experiences.

1.2.2 Trend Monitoring
In this monitoring technique, a parameter, such as pressure, speed, temperature, torque,

electrical current and power consumption, is repeatedly measured to identify any change in
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machine characteristics. The recorded data is typically plotted on a graph against time and
compared with another group of measurements measured to represent the acceptable or normal
machine operation. Differences between these two data sets are used to identify any machine
abnormality and assessed to detect any fault.

Generally, the typical machine’s statistical life as shown in Figure 1.4, can be divided into

three parts: start up, useful life and wear out [10].

Start up

Useful Life

Failure rate

v

Time
Figure 1-4 Typical bathtub curve [10]
In the first stage, which takes place during the first few weeks of machine operation, the failure
rate is relatively high because of installation issues, design errors and manufacturing defects.
The failure probability rate decreases rapidly when these problems are discovered and
corrected. After the start-up phase, the machine progresses into a steady period named the
useful life period, during which the rate of failure is relatively low. The last period is the wear
out stage, in which probability of failure rises as the machine gradually becomes nearer to the
end of its operating life [10]. Therefore, it is clear that measuring and plotting data on graphs

can assist the tracking of developments through trend monitoring.

1.2.3 Performance and Behaviour Monitoring
Any machine is designed to perform specific functions. As shown in Figure 1.5, the main aim
of performance and behaviour monitoring is to determine whether the machine is performing

the required functions: for instance, converting energy from one form to another [11].
Input ) Machine » Output

Losses

Figure 1-5 Machinery performance
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In general, the performance of machines such as compressors, gas turbines and heat engines
deteriorates over time and their efficiency decreases, power consumption increases and the
operating cost rises. Physical changes in machine components is the main reason that causes
deterioration in system performance. A good indication of machine condition can be obtained
from information collected by performance monitoring using highly accurate transducers that
detect change in load, pressure, flow, power etc. [11], [12].

1.2.4 Instantaneous Angular Speed Monitoring

The instantaneous angular speed (IAS) of rotating and reciprocating machinery contains
significant information about machine conditions. More attention has recently been given to
IAS based condition monitoring for rotating machines such as diesel engines, electric motors
and gears, utilising IAS [13]. A typical and precise way of measuring IAS is installing an
optical encoder on one end of the rotor. Traditional encoders have been used for a long time
in industry to monitor machines’ performance and for fault detection. However, these sensors
are usually expensive, are not suitable for isolated environments and their installation is
difficult [14].

In this study, an optical encoder has been used to measure the IAS of a reciprocating

compressor and used to confirm the results obtained from a wireless MEMS sensor.

1.2.5 Vibration Monitoring

Rotary and reciprocating machines naturally generate a vibration that can provide valuable
information about running machinery conditions. Vibration based method is a well-known
technique applied in industrial environments to monitor the condition of machines. Many
faults across a wide range of rotating machines such as gearboxes, shafts, reciprocating
compressors, motors, and engines can be detected by vibration analysis methods. According
to Devendiran, vibration measurement is able to identify around 90% of all machine faults by
examining the change in vibration signals produced by the machine, allowing a precise
prediction for the future failure to be given[15].

Conventionally, an accelerometer is fixed on the machine to obtain vibration waveforms.
Because of the complexity of machine constructions, the mounting position of the
accelerometer often influence the signal quality and hence diagnostic accuracy significantly.
Particularly, problems with it can arise from different influential issues such as vibration and

noise from other sources, the presence of complicated non-linear and non-stationary process
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and the influence of transmission paths[16]. Different signal processing methods have been
developed to process vibration signals in order to reduce the influence of these problems,
which can be reviewed according to three general groups: time-domain, frequency domain and

time-frequency domain.

1.2.5.1 Time-domain Analysis

Time domain analysis of vibration signals is one of the simplest techniques applied for fault
detection. This can be done simply by visual observation of vibration signals or may involve
work to process the data for extracting various waveform feature parameters or statistical
measures. Commonly used such measures are Peak Value (PV), Skewness (Sk), Kurtosis, Crest
Factor (CF) and Root Mean Square (RMS) [17]. Table 1-2 provides the definitions of the

common statistical parameters used for machinery condition monitoring.

Table 1-2 Definition of common statistical parameters [18]

Method Formula Characterisation of Waveforms
Root Mean  Square 1 —n Measures the energy evolution of
(RMS) RMS = NZizl X the input signal
Peak to peak value PP = max(x;) —min(x;) Measure the maximum difference
(P2P) 2 within the input signal
Measures the asymmetry of the
_ 72' U input signal about its mean value.
Skewness (Sk) { \/ Z _1 x - }
Z ( ) Measures the peakedness,
Kurtosis (KT) SK = smoothness and the heaviness of
[Z (X' X) } tail in the input signal.
SK =E Measures the ratio between P2P
Crest factor (CF) RMS and RMS.

Using waveforms allows the detection of changes in vibration signatures which occur due to a
fault, but it is challenging to diagnose the source of a fault using these time domain analysis

methods.
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1.2.5.2 Frequency domain Analysis
The frequency domain denotes to the display the vibration data based on the frequency and it
is conventionally applied as an effective analysis method for identifying and diagnosing a fault
developing in rotating machines [19]. It analyses spectral information of vibration signal by
transforming the signal to the frequency domain.

Researches show that there are frequently greater benefits from spectral components of signals
as compared with measured time-domain to assess the condition of machines, due to the high
complexity of time-domain signals and the benefits of dividing these into a number of
components in the frequency domain allowing the frequencies which are most useful in
diagnosing faults to be analysed [19]. This makes frequency domain analysis an essential way
for rotating machine fault detection and diagnosis.

Spectrum analysis is the most frequently used technique for rotating machines condition
monitoring and fault detection. The main idea of spectral analysis is to look at the whole

spectrum or only certain frequencies of interest and therefore extract features from the signal
[20], [21]. The spectral information X (m) of a discrete time series data X (n) is typically

calculated using a discrete Fourier transform (DFT):

=
=

X (m)= " x(n)e ™ (1-1)

n

Il
o

The common used tool in spectrum analysis is the power spectrum, which can be defined by:

P=E[X(m)*X"(m)] (1-2)
Where X" (m) denotes the complex conjugate of X (m) and E represents expectation.

Due to the poor efficiency of DFT, Fast Fourier Transform (FFT) is the common technique
used in condition monitoring to transform vibration signals into frequency domain. The
technique gives reasonable results where there is no time varying in the recorded signal,
meaning that the machinery’s speed of rotation does not vary. However, FFT-based techniques

are not suitable for non-stationary signals.
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1.2.5.3 Time- Frequency domain Analysis

Either the time or the frequency domain method generates monitoring features that relate to
the specific domain but not to the other. It means that there is no spectral information provided
by the time-domain analysis, and when transforming time-domain signals into a frequency-
domain, details of the time-domain are not kept. Therefore, the two approaches are limited.
Moreover, use of FFT is restricted to stationary signal. For non-stationary signals, FFT is
applied to determine the presence of various spectral elements, but does not identify the time-
points where components are present. Where data on time is needed, FFT cannot be used.
Time-frequency analysis allows data to be obtained about the way in which the spectral
components in signals change over time, meaning that temporary events including impacts can
be identified [22]. Recently, techniques for representing time-frequency have been developed,
including Short-Time Fourier Transform (STFT) [23] and Wavelet Transform (WT) [24]. A
summary of how joint time frequency analysis is applied in diagnosing machine faults is given
in [25].

> Short-Time Fourier Transform

Short-Time Fourier Transform (STFT) is one of the most powerful techniques used to analysis
non-stationary signals. It can provide information about the signal in frequency over time.
STFT can be implemented by applying FFT to a short part of signal separated by a window

function moving along the time direction. The STFT for a discrete signal x(n) over a time

window w(m) can be calculated by:

X (mk)= i x[n]w[n—m]e- 2™
= (1-3)

Although STFT is a powerful technique introduced to overcome the limitations of the FFT in
analysing non-stationary signals. However, it has well known disadvantages regarding time-

frequency resolution mainly due to using a fixed window function size [26].
» Wavelet Transform

The Wavelet Transform technique can be applied as an alternative method to the STFT. It has
been quickly developed and its effective application can be found in many fields including
mechanical fault detection and diagnosis [27], [28]. A continuous wavelet transform can be

defined as[29]:
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17 t-a
W(a,b)=—= | x(t)y" (—j dt 1-4
20w (1-4)
Where x(t) is the original waveform signal, a is the scale parameter b is the time parameter

and " indicates a wavelet.

1.3 Wireless Condition Monitoring

Currently, the extensive and successful application of wired online condition monitoring
techniques can be found in many industrial fields. However, the high cost of these systems has
restricted their application for a wide range of critical industrial machines [30]. With the
development of wireless transmission techniques, communications technologies, and
electronics, it is becoming feasible and popular to use wireless sensors for machinery condition
monitoring, to avoid wired online condition monitoring problems. As the cables used in wired
condition monitoring can cost from £40 to £80 per foot, with a cost of up to £2000 per foot in
dangerous, non-reachable and harsh environments [31], so the main benefit obtained by
bringing in wireless technologies for condition monitoring is in reducing the cost. Besides,
wireless sensors can be easily installed on machinery located in isolated environments, as well
as allowing easier replacement and upgrading than wired condition monitoring. Moreover, the
use of wireless sensors can provide a way to monitor the rotor part of a machine by mounting

the sensor directly on-rotor, as explained in this research.

WSN technology has recently begun to be applied in numerous commercial areas, including
for example; environmental monitoring [32], construction health observation [33] and
temperature monitoring in product distribution [34]. Nevertheless, the environment of industry
and its applications cause further difficulties in the usage of wireless sensors for machine
condition monitoring and fault detection, for example processing mixed sensor signals,
provide higher sampling rates, required faster data transfer rates, and offer higher reliability
[30]. Figure 1.6 shows a simplified roadmap for wireless technology implementation in an

industrial environment.
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Figure 1-6 Wireless Technology Implementation in Industries [35]

1.4 Research Motivation

Rotating machines such as motors, gearboxes, bearings, pumps and compressors are widely

used in many mechanical systems and are an important area of machine condition monitoring

research. To monitor such machines, many methods have been applied in order to detect

defects early, before downtime occurs. Rotating machine condition monitoring is usually

achieved using conventional wired sensors. By analyzing the rotating part vibration using an

accelerometer installed in the stationary part of the rotating machine, as well as the
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instantaneous angular speed (IAS), measured, for example, using a shaft encoder installed at

the end of the rotor, many faults can be detected.

Developments in MEMS technology and wireless techniques can help to improve the condition
monitoring method for rotating machines by measuring on-rotor accelerations at low cost. As
MEMS accelerometers measure gravitational acceleration as well as acceleration caused by
motion, so obtaining the true tangential acceleration that is characterized the rotor dynamics
precisely is the most challenging issues in wireless MEMS based sensors for rotary condition
monitoring. This research focuses on the usage of MEMS accelerometer and wireless
transmission techniques to develop a new method used for rotating machinery condition
monitoring in which the wireless MEMS sensor is attached directly to the rotor to record

acceleration information.

The motivation for this research is to develop a cheap, accurate and reliable system for fault
detection and diagnosis of rotating machine based on the on-rotor acceleration acquired by a

wireless MEMS sensor.

1.5 Research Aim and Objectives

This research aims to use advanced wireless transmission techniques and MEMS technologies
for condition monitoring applications by directly installing the MEMS accelerometer on the
rotating part of the machine. To achieve this target, the project will be carried out through the

following steps:

Objective one: Review the popular condition monitoring techniques used in industry and
choice an effective method to monitor the health status of both reciprocating compressor and

planetary gearbox.

Objective two: Review MEMS technology and the availability of accelerometers made based
on this technology that can be used for on-rotor measurements.

Objective three: Investigate different wireless protocols that can be used in wireless condition
monitoring and study the advantages and disadvantages of each protocol and how to select a
suitable protocol for various applications.

Objective four: Perform mathematical analysis and modelling of orthogonal outputs from

wireless on-rotor MEMS accelerometer. Introduce a novel way to remove the gravitational
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acceleration that is projected on both measurement axes so that the dynamics information
regarding the rotor can be obtained.

Objective five: Benchmark the performance of usage of the reconstructed signals for rotating
machines condition monitoring.

Objective six: Achieve a remote condition monitoring for a reciprocating compressor by using
wireless MEMS accelerometer.

Objective seven: Measure the IAS of the reciprocating compressor using an optical encoder
and compare the results with that obtained from on-rotor MEMS accelerometer.

Objective eight: Compares between two methods used to eliminate the gravitational
acceleration projection effect.

Objective nine: Introduces a novel method for planetary gearboxes condition monitoring in
which a tiny on-rotor MEMS accelerometers have been installed on the input shaft to measure

the acceleration signals.

Objective ten: Evaluate the performance of usage on-rotor measurement for planetary
gearbox condition monitoring by comparing it with the vibration measurement obtained by a

conventional fixed accelerometer.

1.6 Thesis Layout

The thesis is organized into nine chapters to describe the work that was done to achieve the
main aim of this research.

Chapter 2 provides general information about the rotating and reciprocating machines and
focuses on the reciprocating compressors and planetary gearbox as they are used in the
experimental work.

In Chapter 3, an overview of wireless communication techniques and MEMS technology is
presented. Besides, it studies a method used to eliminate gravitational acceleration from the
MEMS output signals to obtain the tangential acceleration that may be employed in condition
monitoring and fault diagnosis.

Then, the test rig used to carry out the investigation is introduced in Chapter 4.

Data acquired by a MEMS accelerometer (AX3 data logger) installed on the compressor

flywheel to classify faulty signals is presented in Chapter 5.
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The work achieved in Chapter 5 is improved upon, in which the measured information is sent
remotely to a host computer using Bluetooth Low Energy (BLE) protocol. Chapter 6 analyzes
data collected wirelessly and compares the results with those obtained from the shaft encoder
used to measure the IAS of the compressor flywheel.

Chapter 7 presents another method that might be employed to get rid of acceleration due to
gravity using two MEMS accelerometers and compares the results with the results presented
in Chapter 5.

Chapter 8 studies the usage of an on-rotor MEMS accelerometer in planetary gearbox
condition monitoring and fault diagnosis to confirm that the on-rotor accelerometer is an
effective method and can be used for different machines to detect faults early.

Finally, Chapter 9 presents the conclusions, summarizes the achievements of the project and

gives suggestions for possible future work.
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Figure 1-7 Thesis Structure

35



Investigation of Dynamic Responses of On-Rotor Wireless Sensors for Condition Monitoring of Rotating Machines

CHAPTER 2 DYNAMICS OF ROTATING MACHINES

This chapter provides information about the reciprocating compressor and planetary gearbox.
It is divided into two parts in which the first one covers reciprocating compressor and the
second part deals with the planetary gearbox. The first part begins with an introduction on
reciprocating compressors and their working principles followed by dynamic modeling of both
single-stage and two-stage reciprocating compressors, and it will end with a discussion of
reciprocating compressor valve failures and condition monitoring. The second part introduces
the gears and their failure. It then gives general information about planetary gearboxes and
their characteristic frequencies of fault. Next, different condition monitoring techniques

adopted for planetary gearboxes have been explained.
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2.1 Reciprocating Compressors

In general, compressors are machines that change mechanical energy into internal energy in a
gas. However, part of the work done by the compressor is also converted into non-usable forms
such as heat losses [36].

There are various types of compressor, with specific configurations being tailored to the
applications needed, but generally, compressors may either be intermittent or continuous in
their mode of operation. Intermittent compressors use a cyclical technique in which they first
take in a set volume of gas, exert compressive force on this gas and then expel it, after which
the cycle begins again with new gas. By contrast, continuous compressors take in, exert force
on and then expel a continual flow of gas. There are two main types of intermittent or positive
displacement compressor; rotary and reciprocating compressors [37]. The main types of

compressor are illustrated in Figure 2.1.

Compressors

Intermittent Flow (Positive
Displacement)

Continuous Flow

Ejector Dynamic
Rotary Reciprocating
Mechanical ] ]
Piston Radial Flow| | Axial Flow | | Mixed Flow
Sliding Vane| | Liquid Piston| |Straight LobeLo| |Helical Lobe Centrifugal Axial Mixed Flow

Figure 2-1 Compressor Types [37]

This work focuses on reciprocating compressors, which fall under the positive displacement
type and are one of the most widely-employed compressors in industry [38]. These are used to
compress air or any other gas from a low pressure, which is commonly the atmospheric
pressure, to a higher desired pressure level [36]. The inlet air pressure is increased by reducing
its volume and the work required to increase air pressure obtained from the prime mover

driving the compressor. An electric motor and turbine are normally used as prime movers [39].
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The main components of a reciprocating compressor are a piston, a connecting rod, a shaft, a
crankshaft and a flywheel. Besides these, one of the most important parts of a reciprocating
compressors is the valve, of which there are two types of valves; a suction and a discharge

valve.

Generally, such machines play an essential part in industry: for example, they are the major
component in factories’ air and gas transmission, gas pipelines, oil refineries, and natural gas
handling plants. Like any machinery in industry, reciprocating compressor reliability should
stay as high as possible and this can be achieved through condition monitoring techniques to

detect any fault at an earlier stage.

2.1.1 How the Reciprocating Compressor Works

There are a wide range of reciprocating compressors, which may have a single cylinder and
one stage cycle for compressing air, or may comprise multiple -cylinders and service processes
as gas compressors. However, no matter their size or the service they provide, all reciprocating
compressors are based on identical operating principles and follow similar fundamental
designs.

According to [36], the operational steps of the reciprocating compressor, based on a reciprocal
piston action within the cylinder can be described as follows: firstly, the position of the piston
is at the top point, indicated as the Top Dead Centre (TDC), and both the inlet and delivery
valves are closed. After that, the piston starts the movement in the downward direction. When
the air pressure within the cylinder goes below the atmospheric pressure, the inlet valve will
start opening and this allows the air to come into the cylindrical region. As pressure difference
starts to decrease, the inlet valve steadily closes and will be completely closed when the air
pressure inside the cylinder is equal to the atmospheric pressure. At this point, the piston will
be at the Bottom Dead Centre (BDC) and both the inlet and delivery valve remain closed. Next,
the piston will start moving up, increasing the pressure inside the cylinder space. When a
pressure differential arises between the receiver and the space inside the cylinder, the delivery
valve then begins to open, allowing the compressed air to move into the receiver. The upward
movement of the piston brings it nearer to the top of the cylinder, the air pressure decreases,
leading the delivery valve to begin to shut. At this point, the initial cycle is complete, and the

next one follows in the same way [36].
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2.1.2 Reciprocating Compressor Operation and Maintenance Costs

From the available literature on energy use in industry, air compression systems utilize 10%
of consumption, and compressed air represents a comparatively costly resource for industrial
plants. When viewing life cycle costs (LCC) overall, the resources initially invested and costs
of maintenance are just a fraction of the actual spend on compressed air systems, with energy
use generally accounting for at least 75% of costs annually. Energy consumption is therefore
often the largest expense in the lifecycle of these systems, and may be over 5 times greater

than the cost of acquiring and installing the system (see Figure 2-2) [40].

Maintenance Cost
6%

Installation Cost
16%

Energy Cost
78%

Figure 2-2 Life cycle costs of compressed-air energy use

The two major variables affecting costs associated with compressed air are the compressor
control approach and selecting an appropriately-sized compressor. Compressor systems which
are too large or which are not controlled efficiently consume larger amounts of energy and
cost more to operate annually [40], [41].
As mentioned above, the maintenance cost for a reciprocating compressor is the smallest
value among the other costs, however, unanticipated downtime in reciprocating compressors
frequently leads to a significant
reduction in plant output in which the compressor domntime cost per only one hour might be
up to $20,625 [42] . Therefore, detecting and diagnosing faults before systems failure is
essential to preventing production losses. This is typically achieved through continuous
condition monitoring techniques.
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2.2 Single Stage Reciprocating Compressors

Simple single stage reciprocating compressors comprise a moving piston which performs a
constraint reciprocating motion within the cylindrical confinement. This piston has a
mechanical connection with the crankshaft via a connecting rod. Thus, as the crankshaft rotates
about its axis drives the connecting rod which, in turn, results in the up-down motion of the
piston that remains constraint within the cylindrical chamber. This chamber contains the valve
pockets through which the suction and discharge of gases takes place across the respective
valves. Figure 2-3 (a) presents a single acting compressor and (b) shows the schematic

representation of the described single acting compressor.

Air intake

Air inlet Air outlet

|
|
|
|
|
|
|
-1

E
Head Valve %

]

|
|
4 Piston
Piston |
1
Con-rod i
on-rod !
|
|
-
e | s
\
159,
e NG ———— L__v
Cranshaft /1( ! Il
Cranshaft \ | P
Sl @
Flywheel X
(@ (b)

Figure 2-3 (a) Single acting compressor and (b) Schematic diagram of single acting compressor

According to [43], and as shown in Figure 2-4, the single stage reciprocating compressor cycle

has four basic events, summarized as follows:

1- Intake: in this phase, the suction valve is open and then the air cylinder is filled with
air.

2- Compression: at this stage both valves are closed and the piston starts moving up
towards the valves, reducing the air volume and increasing its pressure.

3- Discharge: the discharge valve opens during this phase, allowing the air to move out

of the cylinder and enter high pressure storage.
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4- Expansion: Both valves are closed in this part of the cycle. The piston moves down and
away from the valves, causing the air volume to increase, which means that the pressure

inside the cylinder reduces.

A
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o __3|<— |sc: arge —>|

Compression

Pressure
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Figure 2-4 An ideal Pressure-Volume diagram [44]
2.2.1 Dynamics of the Piston Mechanism

Figures 2-5 (a) and (b) show the piston-cylinder scheme used typically in reciprocating
compressors. It is assumed that the piston is connected to a crank having a radius of r through a
connecting rod of length I and is driven by a reciprocating motion from their actions. When the
crankshaft rotates, it will cause the connecting rod to move the piston in the cylinder,
compressing the air by applying a force F directed against the motion of the piston. From
Figure 2-5 (a), it can be seen that the reaction to the force F can be resolved into two

components: the magnitude of the first one is F/cos ¢, acting along the connecting rod, and

the second one is of magnitude F/tan¢, acting in the Y direction. The force F/cos¢

produces a torque |\/|t to rotate the crankshaft in a clockwise direction about Z.

cosp

M, :LLJ rsin(0+¢) (2-1)
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Figure 2-5 (a) Action of the gas pressure forces. (b) Forces due to gas pressure.

Besides, assuming that the crankshaft is rotating at steady angular speed of @, the displacement

of the piston can be calculated as a function of the crank angle &.

X, = (1-cos(6))+I(1-cos(p)) (2-2)
By considering the geometry of the crankshaft and connecting rod

Isin(¢)=rsin(6) (2-3)
And,

I? =1%cos’ () +r’sin® (6) (2-4)
As a result,

I —r?sin® (@
cos’ () = I—Z() (2-5)
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Therefore,

2

cos(p) = 1—r—sin2(9) (2-6)

|2

By substituting Cos(go) from equation 2-6 into equation 2-2, X, can be expressed as [45]:

X, =r(1-cos(6))+1 [1— \ /1—Ir—2zsin2 (9)] (2-7)

The velocity of the piston can be obtained by differentiation equation 2-7 and is expressed as

[45]:
X, = a)rsine(l—lrcosej/[,/l—Irzzsinze] (2-8)

According to [46], the relation between the crank radius r and connecting rod of length | is
usually equal to 1:4 making the term r?/1?sin®> much smaller than 1, and it can be neglected.

Considering this assumption, equation 2-8 can be recast as [45]:
X, = or sin@[l—licosej (2-9)

Equation 2-10 expresses the acceleration of the piston, which is simply calculated by

differentiating the velocity given in equation 2-9 [45].

" 2 r
X, =0 r(cos@—l—coszej (2-10)

2.3 Multistage Reciprocating Compressor

Multistage compressors play an important role in air and gas compression and distribution
applications. Figure 2-6 shows a multistage industrial reciprocating compressor offered by
Corken Company and used for liquid gas transfer. The use of multistage compressors is
essential to producing high pressures of more than about 300kPa, and according to general gas
laws, as the pressure increases, the temperature will also increase. This additional heat can be
removed using an intercooler, which is very important for this type of compressor and is
considered to be a significant factor in making the multistage compressor more expensive than

the single one [36].
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Also, to reach higher pressures the power needed to drive the compressor rises. However, the
use of multistage compressors reduces the input power requirements and increase system

efficiency.

Figure 2-6 Multistage reciprocating compressors for liquid gas transfer (Source: Corken Company)

2.3.1 Two Stage Reciprocating Compressor

Figure 2-7 displays the block diagram and the air flow through a two-stage reciprocation
compressor. Meanwhile, the ideal overall working cycle of a two stage reciprocating
compressor, including two sequences; each one with four typical phases of intake,
compression, discharge, and expansion, is presented in Figure 2-8.

Discharge
Valve

Suction
Valve

Figure 2-7 Schematic of a two-stage compressor [47]
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For the first cycle, the inlet valve is open from 1 to 2, whereas the delivery valve is open from
3 to 4. Similarly, the inlet valve is open from 5 to 6 and the delivery valve is open from 7 to 8

in the second cycle.

7 Delivery pressure

Pressure

Discharge
1% cycle Compression

Expansion

> 2
1
«—— Suction ——*

Volume

Figure 2-8 An ideal P-V diagram for a two-stage compressor

As explained in Section 2-3, the intercooler is an essential component in multistage

reciprocating compressors which is used to reduce the compressed gas temperature, as shown

i

in Figure 2.10.

Intercooler

To Air
Receiver

1 O L 1 O

—/

First Stage Second Stage

Figure 2-9 Illustration of intercooler on a two-stage reciprocating air compressor [48]
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Use of an intercooler between reciprocating compressor stages is necessary and brings many
benefits including:

e Cooling the gas allows more of it to be compressed into the same space.

e Saving power; as the temperature increases, the gas will expand, which means more
power is required to compress the gas. Rise in the inlet air temperature by 4 °C results
in a higher consumption of energy by 1% to achieve the same output. Therefore, using
the intercooler concept makes the temperature lower and therefore improves the energy
efficiency of a compressor [49].

In most reciprocating compressors, the intercooler consists of a pipeline that carries the gas
from the first stage to the second stage and is connected to the stages using joints, which should
be serviced to avoid any leakages. A leak in the joints of the intercooler can arise because the
joints are starting to loosen due to the effects of vibration. The joints should be served at a
scheduled time and monitoring of their condition is necessary, as a very small leak will reduce

the compressor’s efficiency and a large intercooler leakage might lead to system failure.

2.3.1.1 Two-stage Piston and Crank Arrangement
Figure 2-10 shows a simplified dynamic model of a two-stage reciprocating compressor. As
displays in this figure, the piston position for each cylinder is assumed to be positive when it

moves downward.

. R

. - .
s, Tm ?
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Figure 2-10 Two-stage reciprocating compressor simplified model
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The maximum volume above the cylinder can be obtained when the piston resides at the lowest
position within the cylinder, i.e. at the BDC: whereas the minimum volume above the cylinder

will occur when the piston resides at the highest position within the cylinder, i.e. at the TDC.

For the compressor that has been used in this research, the displacement of the piston in the
second stage leads to a displacement of the first stage by 90°. If the first stage is taken as the
reference stage, the displacements of both the first and second stages can be written as [45]:

X, = r(l—cos(¢9))+l(l—1/1—Ir—zzsin2 (0)] (2-11)
Xy = r(l—cos(¢9+£D+ I [1—\/1—r—225in2 («9+Zj] (2-12)
2 I 2

where the subscripts L and H demote low and high stages, respectively.

The velocity, X, &X,,, and acceleration, X, &X, , of the pistons for the low pressure and

high pressure cylinders can be obtained by differentiation as given in the following equations

[45]:
Xp, —wrsiné’(l—lrcosej/[ 1—Ir,jsin26'] (2-13)
Xon =a)rsin(9+”j(lrcos(9+ﬁjj/(\/1fsin2(9+ﬂjj (2-14)
2 I 2 I 2

X, = r(cose—licoszej (2-15)

. =atr|cos| 0+Z |-Leos2| 9+ Z (2-16)
PH 2) 1 2

2.3.1.2 Equation for Cylinder Volume
Generally, the volume of any cylinder is defined by:

V =zr*h (2-17)

where r and h are radius and is the height, respectively.
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For the reciprocating compressor, we consider the cylinder head, cylinder wall and the piston
end-face as the control volume boundaries. The instantaneous cylinder volumes for the first and

second stages can be written as presented in equations 2-18 and 2-19.
V(t)=V, +7zr’x, (2-18)

V(t)=V, +7zr’x, (2-19)

Where Vc is clearance volume, in m*, X, is displacements of the first stages and X, is
displacements of the second stages. By substituting X, & Xou from equations 2-11 and 2-12

into equations 2-18 and 2-19, V (t) for both stages can be written as:

V, (t)=V, +7r? {r(lcos(@)) +1 (1— \ /1—:—22sin2 (0)}} (2-20)
Vi (t)=Vyy +2r° {r(lcos(0+%j)+l(lJl[—jsin{é#%)} (2-21)

2.4 Reciprocating Compressors Valve Failures and its Practical

Condition Monitoring

The major problems in reciprocating compressors are caused by valve failures, which are
stated as the main reason for unscheduled reciprocating compressor shutdowns. The majority
of unscheduled reciprocating compressor downtime and maintenance costs can be attributed
to the compressor valves, which is reported as a reason for around 36 % of unscheduled shut
downs and about 50% of total repair costs [50]. Reciprocating compressor valves fail for
different reasons, but grossly they follow two main categories, which are environmental and
mechanical causes [38].

Different elements in the valves’ environment can lead to valve failure. For example, foreign
materials such as dirty air, carbonaceous deposits, liquids that come over the intercooler
between stages and corrosive elements may form the reason for valve failure: particularly in
the intake valve, in which the air or gas comes from outside and is of poor quality. This kind
of failure can typically be prevented by choosing the proper valve material and processing the

gas using a filter before the intake phase. The second category, mechanical causes, can be
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defined as valve failures that occur due to different reasons including fatigue resulting from
high repeated cyclic stress, as shown in Table 2-1, which illustrates the number of times each
valve operates in eight hours, in a day and in a month at different compressor speeds [36].
Also, abnormal mechanical action of the valves can be caused by spring failure, valve
fluttering, pulsations and wrong valve operation conditions. Mechanical causes related to
operation factors and incorrect application can be controlled or eliminated by proper

communication between a qualified and experienced user and the manufacturer [51].

Table 2-1 Valve actuations per time with variable compressor speed

Compressor speed, rpm
Time 300 600 1000
8 hours 144,000 288,000 480,000
1 day 432,000 864,000 1,440,000
1 month 12,960,000 25,920,000 43,200,000

To achieve high reliability for these critical reciprocating compressors, carrying out continuous
condition monitoring of the system and performing analysis of the collected data is required,
resulting in an improvement in both the time and cost needed for maintenance. Many
researchers have investigated different methods using different physical parameters to check

the circumstances of a reciprocating compressor to improve fault detection and diagnosis.

Liang et al. introduced a procedure using frequency and vibration time domain, and smoothed
pseudo-Wigner-Ville-distribution (SPWVD) to detect and diagnose valve faults, including
leaking, accumulation of deposits and deterioration of valve springs. [52]. Besides, common
reciprocating compressor faults such as discharge valve leakage and intercooler leakage have
been classified in [53], in which the vibration signals acquired using an accelerometer mounted
on the pressure cylinder were decomposed based on two techniques: Wavelet Packet
Transform (WPT) and Empirical Mode Decomposition (EMD). Also, Ahmed et al. presented a
procedure for reciprocating compressor diagnosis. They used a relevance vector machine
(RVM) with genetic algorithm (GA)-based attribute selection from the vibration signals'
envelope spectrum. Their findings show that the classification method is accurate and can be
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used to classify different faults [54]. Furthermore, Elhaj et al. compared and evaluated different
condition monitoring techniques for reciprocating compressors, including dynamic cylinder
pressure and crankshaft Instantaneous Angular Speed (IAS) [55]. In addition, Gu and Ball
studied diagnosis of faults occurring in different machines involving reciprocating
compressors. Some of their research on reciprocating compressors fault detection with
condition monitoring can be found in [45], [56], [57], [58], and [59].

This research introduces a novel method for reciprocating compressor condition monitoring
and fault detection in which on-rotor MEMS accelerometers are installed directly on the
flywheel to measure acceleration signals, which are used to indicate the compressor’s

condition.

2.5 Gears Overview

Gears have generally been used in most mechanical devices to transmit power and obtain
different speed ratio between shafts by means of successively engaging teeth [60]. Gears are
available in a range of capacities, sizes, speed ratios and made from different materials. They
have a wide range of industrial applications. However, gears are mainly used to transmit the
speed from an input to a different output speed based on gear’s specifications [61]. According
to the shape of the tooth, gears are classified into many types, and the spur and helical gears

have the most important use in an industry.

(b)

Figure 2-11 Gears types: (a) Spur gear and (b) Helical gear [62]

As shown in Figure 2-11 (a), the spur gears have the straight teeth mounted and run on the

parallel direction with the shafts that drive the gears. Generally, when two gears are in
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meshing, the gear with fewer teeth is indicated as the pinion, whereas with larger teeth is called
gear [63]. Increase or decrease in rotational speeds will depend on the arrangement of the
pinion and gears. It gets reduced when the pinion drives the gear, and vice versa. The spur
gears have many advantages such as they are simple and easy to design, also spur gears usually
have constant speed ratio and they are quite reliable having no issue of axial thrust. All these
benefits of spur gears have made them extensively used in many applications; however, they
produce loud noise particularly at high speeds which might become unacceptable [64]. Teeth
of helical gears, shown in Figure 2-11 (b) are cut at an angle to the face of the gear making
helical gears operated much more smoothly and quietly comparing with spur gears. Also, this
arrangement leads to the less noise and vibration produced during meshing [63].

2.5.1 Gears Failure

As gears typically work under high stress and tough conditions, different failures can be
occurred. As shown in Figure 2-12, these failures are classified into two main groups: local
faults including tooth breakage, cracked tooth, chipping local wear [65], and distributed faults
including wearing, pitting, scuffing [66], [67].The main difference between the local and the
distributed faults is the long time period between the initiation of gear’s failure and the loss of
serviceability. In the first type, the fault develops quickly once it is started and it has most
significant effects on the transmission of power, while faults development is quite slow in the
second type, which indicates that the time period between the faults starting and the completion

of system failure is usually long.
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Figure 2-12 Modes of gear failure [67]

Tooth breakage is the ultimate and the most common type of gear failure as it might destroy
the gear and it often damages other components like shafts or bearings. Tooth breakage is
generally occurred due to many reasons, however the excessive load is the most common cause
of tooth breakage [68]. This failure usually starts with a small crack and is developed rapidly

causing a part or the whole entire tooth break off.

2.5.2 Gearbox Failure Cause
As stated in [69], [70] and [71], different reasons that can lead to the gear failure can be

summarized as:

» The actual loading applied over the gear tooth exceeds the nominal loading for a long
term of operations.

Distribution of the load over the gear tooth is not uniform.

Gear manufacturing errors and incorrect design.

Improper lubrication.

Bearings failure.

YV V. V V V

Gear misalignment which affects the accuracy of the meshing and it is exhibited as an
early pitting at one end of the tooth.

Gears are generally robust and reliable devices. However, as explained above, the faults occur
due to many reasons. A survey of gearbox failures done by Neale Consulting Engineers Ltd
(NCEL) has claimed that failures often start with the bearing, rather than the gear itself and as
shown in Figure 2-13. About half of the gear failures are found as a result of bearing failures
[72].
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Figure 2-13 Gearbox failures causes [72]

NCEL have studied the causes of gearbox failures in more details, and according to their
finding, the reasons of the gear failures in industrial area can be divided into nine categories

presented in Figure 2-14.
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Starting torque

3%\

Lubrication debris
19%

Figure 2-14 Detailed analysis of gearbox failures [72]
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Some gearbox failures do occur for multiple causes and it is not easy to determine, for instance,
it cannot be concluded that 19% of all gear failures in industries are caused by gear

misalignment; which was only a partial reason in some cases examined in this analysis.

2.6 Planetary Gearbox

Planetary gearboxes, which is also known as epicyclic gearboxes, are commonly used in
drivetrains of helicopters, heavy industrial applications and wind turbines owing to their heavy
load bearing capacity, high transmission ratio and the improved transmission efficiency [73,
74]. As shown in Figure 2-15, the most common type of planetary gearbox is constructed
basically with four components: the sun gear, one or more planets gears, a ring gear and a
carrier. The planet gears remain adhered to a planet carrier that rotates about the centre around
which sun gear also rotates but with a dissimilar speed. Besides, planet gear not only revolves
about its own unfixed centres but also rotates about the sun gear centre.

Base  Ringgear Planet carrier Pins  Planet gears Sun gear

Figure 2-15 Planetary Gear Train [75].

Planetary gearbox can offer different speeds ratios, turning direction and provide high torque
amount with the same construction, depending on planetary gear configuration, i.e. which
component is the input gear, which is the output one; and which one remains motionless [75].
This makes planetary gearboxes an ideal option to be used in wind turbines, automatic vehicle
transmissions and helicopters and [76],[77], [78]. Below are the some examples of planetary
gearbox applications based on the speed transmission ratio [79].
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» A large reduction low speed can be obtained by using the sun gear as a driver (input),
the carrier as a driven (output) and the ring gear is stationary. Thus, a low reverse
speed will be obtained.

» When the carrier used as a driver, the ring gear as the driven and the sun gear is
stationary an overdrive is obtained.

Figure 2-16 shows the planetary gearbox type that has been studied in this chapter where the
sun gear rotates about its own centre and three planet gears rotate about their own unfixed
centres as well as about the centre of the sun gear. The planet gears are located between the
sun gears and the stationary ring gear. They are also attached to the carrier that perform the

input shaft and mesh simultaneously with the planet gears.

| plan;t ge \‘ Unfixed
- Hhh;/// £ NB -~ center
LT A
N
/ S s : Carrier
' ! ! N \ output shaft T .
___l_____l___@___]____".'___' + —-’—-”—-”— Carrier (input shaft)
1 N TTIT / — o

Figure 2-16 Planetary gear configuration under study

From planetary gears configuration and their transmission structure, it has been found that they
generally have the following behaviours that make them different from fixed-axis gearboxes
[80].

» According to the planet gears transmission structure, the vibration transmission paths
are time-varying multiple paths traversing from gear meshing points to the sensors,

fixed on planetary gearbox housing [81].
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> As the speed transmission ratio is quite large, one component at least rotates under low
speed i.e., in low frequency range which has the possibility of heavy noise
contamination in the acquired signal. Therefore, it will be quite complicated to detect
the fault characteristics of the planetary gear components rotating at low speed [80].
» The vibration signals from the epicyclic gear are excited by the simultaneous meshing
of the multiple planet gears with the ring gear and the sun gear [80, 81].
As a consequence, the vibration signal sensed by a fixed accelerometer at the planetary gearbox
housings more complicated than that measured from the fixed-axis gearboxes. Therefore, the
effective faults detection methods used for fixed-axis gearboxes may have less efficiency when
applied to the planetary gears. Although of the complexity of its’ working principle, it has
several advantages over conventional fixed-axis shaft gear and got particular attention in the
industrial area. Planetary gears are very compact construction, light weight, high power
intensity, and high torque conversion. Different speed ratios can be obtained depending on the

combinations of the driving and driven.

2.6.1 Characteristic Frequencies of Planetary Gearbox

The planetary gearbox considered in this experimental study is provided and manufactured by
STM Power Transmission Ltd manufactured and supplied the planetary gearbox used in this
experiment, which comprises 3 planet gears, a planet gear carrier connected with the input, a
central sun gear assumed to be connected with the output shaft and lastly, a ring gear fixed
within the gear housing. For the planetary gearbox used in this work, Zs=10 is the number of
sun gear teeth, Z,=26 is the number of the three planet gears’ teeth, Z;=62 is the number of

ring gear teeth. Therefore, the transmission ratio is defined as [82];

. z
i= 1+Z—R (2-22)

S
According to [80] and [83], the rotational frequencies of the sun and planet gears can be

calculated using the following equations:

frs = (Zr ! ZS) frc (2'23)
Zs
m (Zp . Zr)zs frs (2'24)
(z,+2,)z,
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Also, the meshing frequency can be expressed as:

fm = Zr ZS frs = Zr frc (2'25)
(z,+1,)

2.6.2 Planetary Gearbox Characteristic Frequencies for Fault Diagnosis

Many studies have shown that any type of fault in the planetary gearbox leads to the
development of mechanical vibrations, and by examining the changes in characteristic
frequency spectrum of the vibration signal around the meshing frequency and its harmonics,
these faults can be detected and diagnosed [84]. Assuming that K is the number of planetary
gears moving within the carrier, the characteristic vibration frequencies around the meshing

frequency are unique for each type of planetary gearbox fault, as identified by [80].

2.6.2.1 Characteristic Frequency of Sun Gear with Local Fault

Assuming that a local fault on the sun gear is present and the system starts rotating, the
vibration signal will have two different conditions. When the local fault overlaps with one of
the planet gears, the vibration signal will be modulated by an impulse signal, and when the
local fault leaves the meshing area, the vibration signal will return to its normal condition [83].
This modulating phenomenon happens«times in one revolution of the sun gear. In the ideal

case of an error-free manufacturing, the characteristic frequency of a sun gear with a local fault

, f . can be expressed as [84]:

f

where K is the planet gear number.

2.6.2.2 Characteristic Frequency of Planet Gear with Local Fault

When a local fault transpires on both sides of the planet gear tooth, the vibration signal
modulation happens twice during its one period revolution. Then, the characteristic frequency
of the planet gear with local fault for can be given as [84]:

f
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2.6.2.3 Characteristic Frequency of Ring Gear with Local Fault
Similar to the result of the sun gear with local fault frequencies, the characteristic frequency

of a ring gear with local fault fis can be obtained as [84]:

f
= Z—m = Kfye (2-28)
r

f

2.6.3 Planetary Gearbox Condition Monitoring

As mentioned earlier, the applications of planetary gearboxes are quite critical and their failure
may cause major shutdown of the entire train resulting in large economic losses, therefore the
condition monitoring of the planetary gearboxes has received a significant attention to avoid

any unexpected interruptions and accidents that might be caused by the failure [80, 84].

As explained in the comprehensive review of the planetary gearbox by Lei et al. [80], Samuel
et al. [85], and Yuksel et al. [86], many condition monitoring techniques have been studied for
planetary gearbox fault diagnosis to detect different gear faults including tooth breakage, gear
pitting and crack. Lei et al proposed two diagnostic parameters based on vibration
characteristics of the planetary gearboxes collected using tri-axial accelerometer installed on
the planetary gearbox casing. The first method computes the root mean square of the filtered
signal (FRMS) and second one calculates the normalized summation of positive amplitudes
for difference spectrum between the unknown signal and the baseline (NSDS). Their findings
show that these two proposed methods for planetary gearbox condition monitoring and
diagnosis perform better than the other existing methods such as energy ratio (ER), sideband
index (SI) and sideband level factor (SLF) [87]. Besides, recent work has studied the efficacy
of employing the torsional vibration signal as a mean for fault diagnosis of planetary gearbox,
and it has been concluded that the planetary gear torsional vibration can pose as an effective
and suitable alternative method for condition monitoring of planetary gears [88]. Also, a novel
method based on modulation signal bi-spectrum based sideband estimator (MSB-SE) analysis
of vibration signals to diagnose the compound faults in the planetary gearboxes has been
presented in [89]. Their outcome demonstrate that this method can detect both the bearing
faults and the gear faults effectively in the planetary gearbox with severity index under high
load conditions. In addition, a study achieved in [90] has investigated IAS based planetary
gearbox diagnostics in which gears dynamics are not influenced by the moving mesh gears.
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According to this study, the IAS based planetary gearbox condition monitoring system is more
cost-effective and easier to be implemented online, compared with the conventional vibration
methods over a wide range of operating conditions.

Furthermore, a review study on the methodologies of planetary gearbox condition monitoring
and fault diagnosis is presented in [80] and, according to this study, most planetary gearbox
diagnostic systems have used the vibration signal measured by an accelerometer mounted on
the housing of the planetary gearbox. In the most studies, the vibration was measured using an
accelerometer fixed on the gear housing. As shown in Figure 2-17, the position of the planet
gear and the carrier at time t is indicated by the angle 6 between the planet gear and the

accelerometer.

Figure 2-17 Planetary gear system with a single planet [91]
When the carrier rotates the transmission path from the meshing between planets and annulus
to the accelerometer always varies. The distance of the path is shortest while the planet comes
closest to transducer, at @ =0, 2, 4, .... The amplitudes of the perceived vibration will be
highest at these times. Conversely, the amplitudes of the meshing vibration will be least when
the planet gear is at extreme end from the accelerometer, at 0 =, 3x, 57, ...Hence the
amplitudes of the vibration will have some intermediate values in between these two
positions[91]. The meshing locations for both of the sun gear—planet gear and planet gear—ring
gear with respect to the transducers change with time, resulting in amplitude modulation (AM)

59



Investigation of Dynamic Responses of On-Rotor Wireless Sensors for Condition Monitoring of Rotating Machines

on the vibration signal perceived by the sensors. Moreover, it will increases the complexity of
the signal [92].

Generally, this vibration signal, z(t), contains valuable diagnostic information regarding the
planetary gear-set, and can be considered as the superposition of vibrations from planets

meshing with the annulus and sun gear [93].

p
2(t) = iglwi OPIO+YiI®] (2-29)

The window function wi(t) is used to describe the phenomenon of amplitude modulation
attributed to the relative motion among the fixed accelerometer and the rotating planets within
the carrier [93, 94]. This phenomenon can be explained as follows: as a planet rotates and gets
closer to the fixed accelerometer, its vibration dominates the sensory data and the level of its
impact attains a peak when the planet is almost under the accelerometer; thereafter, it decreases
when the planet moves away from the accelerometer. The signal x;(t) in the Equation (10-5)
denotes the vibration resulting from the ring gear and i" planet mesh, which is periodic at the
fundamental gear mesh frequency fm, whilst the yi(t) indicates the vibration resulting from the
sun gear and i™ planet mesh, which is also periodic at the fundamental gear mesh frequency
fm. As a result, the sidebands in the observed vibration signal sensed by a fixed accelerometer
have a complex nature, which makes the application of conventional vibration-based
diagnostic techniques a challenge for planetary gearbox [93].
Another issue with the measuring of the planetary gearbox vibration signal using fixed
accelerometer is the transmission path. The transmission of the vibration signal for the meshing
of sun and planet gears follows the path via sun gear, rotating shaft, bearing and the gearbox
housing as well as transmitted through the planet gears to annulus and finally to the
accelerometer. On the other hand, there is a direct transmission path for the vibration signal
produced from the planet-annulus meshing to the sensor. There may exist other transmission
paths through planet gear, shaft, bearings, sun gear and the gearbox casing however, if the
accelerometer is positioned very close to the annulus then it will have the strong influence of
the vibration from the meshing of the planets and annulus and the flow path of vibrational
energy will be direct [91].
The above problem can be resolved by mounting an on-shaft accelerometer that will provide
a fixed distance from the rotating planets to the sensor.
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2.7 Summary

This chapter gave general information about the reciprocating compressor and planetary
gearboxes. It introduced their principles, common faults and reviewed different techniques

used to monitor their condition.
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CHAPTER3 MEMS TECHNOLOGY, WIRELESS
TRANSMISSION AND ON-ROTOR SENSORS

This chapter begins with general information about MEMS accelerometers and presents the
basic principle of their operation. Then, it gives an overview of wireless communication
technology, followed by a literature review of wireless sensors used for machine condition
monitoring. In addition, this chapter studies a method used to remove the effect of the
gravitational acceleration from on-rotor MEMS accelerometer outputs. It explains the
mathematical model of the orthogonal acceleration signals obtained from an on-rotor MEMS
sensor and studies how the gravitational acceleration signal is eliminated. The last section

presents the performance of the proposed method.
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3.1 Introduction

In recent years, conventional wired condition monitoring has been applied in many industrial
machines. Because the system relies on different types of cables for field applications,
installation, maintenance and cost become major obstacles to its wider application. Moreover,
for rotor condition monitoring and fault diagnosis, it is impossible to deploy a wire sensor
directly to the rotating part, so conventional sensors are usually attached to the static parts of
rotating machines to monitor their condition and detect any abnormalities. To be able to install
sensors directly on the rotor, wireless sensors are essential. Since the main problem associated
with wired condition monitoring for rotating systems is as a result of using cables, wireless
data transmission is highly desirable and eliminates any requirement for special cables,

resulting in installation cost reduction compared with wired condition monitoring [95].

With recent advances in wireless transmission techniques and MEMS technology, it has been
feasible and easier to monitor rotating machine conditions by mounting a tiny wireless MEMS
sensor directly on the rotor, providing more accurate dynamic characteristics for the rotating
machine. As the sensor is directly attached to a rotor, it is able to acquired dynamic
characteristics of the rotating part with a high degree of accuracy, making a wireless MEMS

sensor a good alternative to expensive conventional sensors [96, 97].

Many studies have employed MEMS accelerometers in the condition monitoring field to
investigate their performance. However, few research projects have used MEMS

accelerometers to measure the on-rotor acceleration for condition monitoring.

Albarbar et al [98] studied the possibility of using MEMS accelerometers in machine
condition monitoring and investigated the performance of three different MEMS
accelerometers provided by different manufacturers. From their investigation, it is concluded
that MEMS sensors could be used instead of standard sensors, especially for wireless
implementation. Arebi et al [99] developed a wireless MEMS accelerometer (WMA) that was
attached directly on a rotating shaft and the results demonstrated that different degrees of
misalignments can be successfully monitored using MEMS accelerometer. Furthermore, Arebi
et al studied and compared response from data collected employing a MEMS accelerometer
and shaft encoder under different degrees of shaft misalignment. Findings from their study
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showed the WMA have improved performance over the shaft encoder in detecting small shaft

misalignment [96].

Baghli et al. developed a new kind of instantaneous torque sensor based on a MEMS
accelerometer. They installed two MEMS accelerometers on the coupling of a rotor shaft to
acquire the instantaneous torque measurements used for induction motor condition monitoring,
and the study proved the effectiveness and accuracy of using on-rotor MEMS accelerometers
to measure instantaneous torque [100]. Jiménez et al. introduced a novel topology for enhanced
vibration sensing, whereby a MEMS accelerometer was embedded within a hollow rotor
allowing the rotational speed to be measured. The speed estimation algorithm presented in that
study was tested on a rotor operating at a range of speeds between 200 RPM and 2000 RPM
and, by comparing the results obtained using the MEMS accelerometer with the speed
measured by the encoder, they confirmed that their method was robust and could be applied to

rotors independent of the state of vibration and during both acceleration and deceleration [101].

3.2 MEMS Devices

MEMS technology is a process used to produce tiny devices containing microstructures,
microsensors, microactuators and microelectronics integrated into one silicon chip [102]. Each
one of these parts has a specific function, and any change in the system’s environment is
detected by microsensors by measuring thermal, mechanical, chemical, magnetic, or
electromagnetic information, which is processed by microelectronics, allowing a decision to
be taken by microactuators and some forms of changes to be made. Figure 3-1 shows a
schematic illustration of MEMS components.

The microelectronics technology expanded quickly from its first introduction in 1960, and by
the following decade had already become well-established [103]. At an earlier stage,
developers focused on micromachining essentially related to solid-state pressure transducers.
However, at this point, integrating micromechanics and microelectronics was not a major
focus, as the technologies needed to micromachine in large quantities and solid-state pressure
transducers could not easily be integrated alongside microelectronic technologies. Moving
parts using micromechanics were built for the first time in the late 1980s, using surface-
micromachining technology [104] with electrostatic micromotors being introduced soon

afterwards [105].
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Microsensors Microactuators
A

Microstructures Microelectronics

Figure 3-1 Schematic illustration of MEMS components

Many MEMS components are currently available on the market, and these can be generally
divided into six groups including inertia sensor, pressure sensor, microfluidics / bioMEMS,
RF MEMS, optical MEMS / MOEMS and others. The most well-known categories are
pressure sensors and inertia sensors, which comprise many component types such as
accelerometers and gyroscopes, produced by different manufacturers, including for example

Motorola, Analog Devices, Sensonor and Delphi [106].

Recently, MEMS sensors have come to be widely used in machine condition monitoring to
measure different signals such as vibrations, pressure and temperature [98, 107]. However,
most of the previous research has used MEMS sensors as stationary transducers. This research

focuses on the usage of on-rotor MEMS accelerometers for machine condition monitoring.

3.2.1 MEMS Accelerometer

The first MEMS accelerometer was designed at Stanford University in 1979, however, it took
very long time, around 15 years, before such devices became acceptable for the real
applications [108]. Modern MEMS accelerometers are tiny devices; made at different sizes
from a few micrometres to millimetres, they are low cost and low power consumption, and
they can measure dynamic acceleration (e.g., vibration) as well as static acceleration (e.g.,
gravity). Normally, these acceleration measurements are made in units of g, where 1g is the
acceleration caused by Earth’s gravity at 9.8 m/s?[109].

As shown in Figure 3-2, the main component of a typical MEMS accelerometer is the moving

beam structure made up of two sets of fingers: the first finger set is stationary, mounted on a
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solid ground plane on a substrate, while the other is a moving finger set, and is attached to a

mass connected to springs.
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Figure 3-2 The structure of a MEMS accelerometer [110]

When the applied acceleration equal to zero (no acceleration), the movable fingers will be
precisely at the middle between the right and left fixed fingers as presented in Figure 3-2. In
this case, the capacitance of Ci equal to C, and can be denoted as Co as calculated in
Equation 3-1 [110].

3 & NLh

C
0 d.

3-1)

Where &, indicates the permittivity constant, &, denotes the dielectric constant of the air, h
is the finger height, d0 is the air gap distance between each movable finger and the fixed
fingers, N, is the sensing fingers number and L; is the length of the sensing finger.

When there is an acceleration(a % 0), the movable finger will be moving causing a change in

both capacitances C1 and C, because of displacement (x) of the movable as shown Finger
3-2.The capacitances C; and C> can be calculated using Equations 3-2 and 3-3 [110].
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In such devices, the air gap between the fingers (d,) should be very large compared with the

displacement (X) and the maximum displacement is typically limited by 20% of do- Once the

acceleration is existing, the capacitance of C1 and Cz become different, and the difference
between them can be calculated as [110]:

2,6, N,L.h

AC=C,-C,= {di} =2C,[/d,] (3-4)

0 0

This sensing technique is well known in terms of its stability, lower power loss, high accuracy,
and simple structure to build. Most MEMS accelerometer sensors measure the displacement
of a mass and then the measured signals are passed through an analogue-to-digital converter
(ADC) to convert it into a digital electrical signal which can be used for digital processing.

In this research, ADXL345 is used to measure on-rotor acceleration. It is a small, thin, 3-axis
accelerometer which has three separate outputs that determine acceleration along the axes (X,
Y, and Z). Figure 3-3 shows the functional block diagram of ADXL345 accelerometer. More
details about the MEMS accelerometer used in this work will be given in Chapter Four.
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Figure 3-3 Accelerometer block diagram
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For on-rotor MEMS accelerometer, some sensor specifications should be considered to choose
the suitable one for rotating machines condition monitoring including sampling frequency,
noise floor, sensitivity, dynamic range, size, number of outputs and power consumption level
[111]. Below is brief descriptions of some specifications normally listed on their datasheet
[98] [112].
» Measurement Range: it is the maximum range of the acceleration obtained by the
accelerometer.
» Shock Limit: it can be defined as the maximum acceleration that one accelerometer can
withstand without causing damage to the sensors.
> Sensitivity: is the ratio of output to the input. For MEMS accelerometer, it signifies the
ratio of the electrical output (voltage/acceleration) to its mechanical input. For digital
accelerometers, the sensitivity is expressed as LSB/g (least significant bit per g). If the
amplitude of the vibration is small, one need to have high sensitive accelerometers to
provide the signal with high signal to noise ratio (SNR).
> Resolution: is the smallest mechanical changing in the input for which a change in the
electrical output is desirable. Resolution is specified in bits which can be further
analyzed in acceleration unit of power 2. For example, if an accelerometer system has
13-bit resolution; that means it has 23 or 8192 acceleration levels it can measure. For
a £16g measurement range this equates to a resolution of 0.0039 (32/8192) which is
the smallest measurable acceleration level
» Frequency Range: It is the range beyond that the sensitivity of the transducer does not
change that much from the rated sensitivity. This range can be limited by the transducer

mechanical characteristics or its associated equipment.

3.3 Wireless Technology in Condition Monitoring

As mentioned earlier, wired online condition monitoring systems are successfully applied in
many industrial settings. However, these systems rely on different types of cables for field
applications, and installation, maintenance and cost become the major obstacles to their wider
applications [113]. Providentially, there have been significant developments in wireless data
communication technologies that can be used to transfer data instead of using communication

cables.
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Currently, wireless technologies are widely used and have gained great attention in industry
for collecting and transferring data used for machinery condition monitoring due to their
inherent advantages: for example, they are low cost, suitable for isolated environments, offer
convenient installation and are easy to upgrade [14], [113], [114]. In remote condition
monitoring systems, a number of requirements should be considered in order to decide which
wireless technology is most suitable for data transmission. Bandwidth, power consumption,
bit error rate, length of data transmission, transmission speed, and security are some of these

requirements [115].

In general, wireless network standards can be divided, based on signal range, into four
categories; 1) regional area network (RAN); 2) wide area network (WAN); 3) metropolitan
area network (MAN); 4) local area network (LAN); and 5) personal area network (PAN), as
presented in Figure 3-4 [14, 113].

Regional Area Network
IEEE 802.22

Wide Area Network
IEEE 802.20 2G 3G 4G

Metropolitan Area Network
802.16 WiMAX

Local Area Network
802.11 WiFi

Personal Area Network
802.15.4 ZigBee

Figure 3-4 Types of wireless networks [116]

Networking standards deal with the physical layer and the lower part of the data link layer,
called the MAC (medium access controller) sub-layer. The physical layer tackles modulation,
frequency, and transmission, whereas the MAC sub-layer relates to access points maintaining

signal flow order thereby avoids signal collision and cancellation [117, 118].
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3.3.1 Wireless Protocols for WSN

Different standards have been designed for wireless communications to meet various
application area requirements. The most widely-known protocols that have been employed in
the WSN are Wi-Fi, ZigBee and Bluetooth, which correspond to the 802.11a/b/g,
IEEE 802.15.4 and 802.15.1, standards, respectively [119], [120].

3.3.1.1 WiFiover IEEE 802.11

All 802.11(a/b/g/n) [56, 57] communications utilise the Industrial, Scientific and Medical
(ISM) frequency bandwidths, which do not require a license. However, the exact radio portions
of the ISM bands used by these devices may vary in different countries. The bandwidth sets
by the European Telecommunications Standards Institute (ETSI) are 2.4-2.5 and 5.47-5.725
GHz. Rates of data transmission also vary and are affected by the IEEE 802.11 version. Thus,
802.11b, which utilises Direct Sequence Spread Spectrum (DSSS), provides a maximum of
11Mbps using a 2.4GHz band, while 802.11a, which uses Orthogonal Frequency Division
Multiplexing (OFDM), provides as much as 54 Mbps using a 5GHz band [121].

Although the data transmission rate for the Wi-Fi network is very high compared with the
other wireless networks, the critical issue of its significant power consumption makes Wi-Fi a
poor candidate for battery-powered wireless sensor node applications.

For wireless condition monitoring and fault diagnosis, very few researchers have used this
standard to send data to the base station. Hashemian et al. (2011) used an 802.11g to send
vibration signals acquired at the motor and fans, which are part of the reactor building
ventilation system. To confirm the performance of the wireless system, a wired data
acquisition system was used and compared with the wireless one and the results displayed

good agreement between wired and wireless systems [122].

3.3.1.2 ZigBee over IEEE 802.15.4

The standard IEEE 802.15.4 gives a definition for protocols and interconnecting devices using
radio communications across personal area networks (PANSs). The standard is active within
ISM bands, in Europe at 868 MHz, in the US at 915 MHz and at 2.4 GHz globally. This offers
data rates of 250kbps, 40 kbps and 20kbps at bands of 2.4GHz, 915MHz and 868MHz
respectively [123]. The standard aims to cover wireless connection between low-cost devices
which is simple and inexpensive with low data rates and minimal energy use. It is possible to

use ZigBee technologies across different industrial applications in medical equipment, intruder
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sensors, embedded sensor equipment, smoke alarms and automated features for buildings,
among other applications. ZigBee networks offer extremely low energy consumption, meaning
that a device could possible function for over a year on just one alkaline battery.

Considering these characteristics of the IEEE 802.15.4/ZigBee, this technological solution is
well-suited to condition monitoring and fault detection for industrial machinery using a
wireless sensor network. The network layer of ZigBee can support mesh, tree and star type
topology [124]. Wireless devices complying with ZigBee have an expected transmission
distance of between 10 and 75 meters, based on the RF setting and the application’s particular
energy output requirements [123].

In wireless sensor network based fault diagnosis systems, many studies have used ZigBee as
a wireless standard to send different measured parameters such as vibrations [125], current
[126] and temperature [30] remotely to a host computer, to be used for condition monitoring/
detecting faults. One of the successful applications of ZigBee as a wireless protocol used for
data transmission can be found in fault detection and diagnosis based on induction motor stator
current and vibration signals in which stator open phase faults and one and two bearing

imbalance faults were successfully identified [126].

3.3.1.3  Bluetooth Classic and Bluetooth Low Energy over IEEE 802.15.1
Bluetooth is also a candidate to substitute for implementing WSN, but this protocol has paid
less attention based in Bluetooth’s complex nature and power parameters which are
insufficient for sensor applications [127].
Bluetooth-Low-Energy (BLE) is a new version of the traditional Bluetooth developed by the
Bluetooth Special Interest Group (SIG) [118]. The specification for BLE is included within
that for Bluetooth, with its extremely low power requirements making it suitable for use in
devices with minimal battery power. With BLE, Bluetooth becomes capable of a top data rate
of 1 Mb/s at 2.4 GHz across between 5 and 10 meters [128]. BLE was designed to overcome
some of Bluetooth’s disadvantages, which are outlined below [129]:

e The power consumption of transceiver chips is very high.

e Suboptimal timing behaviour: for example, a long time duration is needed for the

connection setup time.
e Its protocol stack is very complex, resulting in the need for a large memory.

e Large data packets with huge overheads during wireless transmissions.
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e Data transmission rate is relatively slow.

In this work, BLE has been chosen as the wireless transmission media to send on-rotor
acceleration data to a remote computer for further signal analysis. This wireless protocol has
many features and advantages that make it different from the other standards. For instance,
Bluetooth devices are widely available, their cost is quite cheap and they offer low power
consumption [115]. Dementyev (2013) found that among different wireless standards, BLE
achieved the lowest power consumption, followed by ZigBee [130]. These benefits make BLE
a suitable wireless technology for many wireless condition monitoring systems and
maintenance applications, including that achieved in this research.

Some features of the mentioned standards are abridged in Table 3-1.

Table 3-1 Features for wireless standards [131], [132], [133].

Bluetooth BLE ZigBee Wi-Fi
IEEE spec. 802.15.1 802.15.1 802.15.4 802.11a/b/g
Frequency band 2.4 GHz 2.4 GHz 868/915 MHz; 2.4 2.4 GHz; 5 GHz
GHz
Max signal rate 3Mb/s 1Mb/s 250 Kb/s 54 Mb/s
Nominal range 10m 50m 10-100 m 100 m
Channel bandwidth 1 MHz 2 MHz | 0.3/0.6 MHz; 2 MHz 22 MHz
Modulation type GFSK GFSK BPSK (+ ASK), O- BPSK, QPSK
QPSK COFDM, CCK, M-QAM
Spreading technique FHSS FHSS DSSS DSSS, CCK, OFDM
Current consumption <30 mA <15mA [19mARX,35mA Tx | 60 mA Rx, 200 mA Tx

3.4 Challenges of Remote Condition Monitoring

Recently, wireless condition monitoring has been successfully applied in different commercial
areas: for instance, environmental sensing, automation, structured health monitoring etc.
Nevertheless, there are several challenges to phased wireless condition monitoring, including
sensor battery operation lifetime, interference, high rates of data transmission, high rates for

sampling, reliability and security.
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> Battery operation:
In most wireless sensor nodes, rechargeable batteries are used to power the sensor. The battery
lifespan may be different from one application to another and this is affected by many factors,
such as its physical size, sampling rate, time required for data acquisition, how often the
wireless sensor needs to sense the signals, and the transmission protocol used to send the
measured data. As the battery energy is limited, thus its lifespan is a major issue and one which
should be considered for wireless condition monitoring systems. Battery recharging or
replacement costs are certainly not negligible and this also could be a time consuming process.
In some applications, it may not be easy to replace the sensor node battery, and due to this, a
renewable power supply source might be used instead of a battery, and this is dependent on
the machine’s constriction, its function and the environment where the machine is located
[134]. Many studies have investigated the use of environmentally-sourced energies such as
solar [135], wind [136], water flow [136], vibration [137] and thermal [138] energy, to power
the wireless sensor node.
Another challenge associated with wireless sensor node batteries is the ability to report a
reliable and accurate estimation of remaining battery lifetime. Therefore, a plan for battery
performance monitoring to estimate the remaining battery lifetime, without affecting the WSN
tasks, is required [139].

> Reliability:
Providing accurate and real-time information is another challenge in industrial wireless
condition monitoring, and especially in harsh environments under extreme vibration or high
noise conditions, in which the measured parameters usually face data loss issues during the
transmission stage. Therefore, more reliable communication is required.

» High data transmission rates:
In some applications, the dynamic signals needed to be measured at a high sampling rate,
producing a huge chunk of data which needs to be sent at a high data transmission rate, while
this rate may be restricted or limited by wireless bandwidth.

» Security requirements:
Security for many industrial applications has recently become a significant issue associated

with wireless condition monitoring. As some of these industrial applications require high
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security communications, special attention has been paid to providing the level of security
required for each application [128].
> Interference

In industry, the coverage area for wireless devices may suffer from noise, co-channel
interference, multipath propagation, and other sources of interference. For instance, the signal
strength may be harshly affected by electromagnetic signals produced by heavy machines
located near the transmitter or receiver, multipath propagation or interference from other
wireless devices that use ISM bands [140]. The impact of interference between the wireless
sensor and other signals in the plant is another concern that should be considered when a
wireless condition monitoring system is designed [128].

3.5 Wireless Technologies and MEMS Accelerometers for Condition
Minoring

The recent growth of automation in the industry ensures the need of more reliable and
intelligent machine systems that can minimize the cost of sudden failures when they are under
operation. An effective intelligent condition monitoring technique is required which can
provide the necessary information about the machine health time to time minimizing the cost
of machine downtime. Usually condition monitoring technique measures the dynamic
responses like IAS, current and vibration signal to monitor the machine performance [141].
Vibration signals collected from the rotating machines such as pumps, compressors, motors,
gearboxes and generators have traditionally been used for fault detection and diagnosis as they
can carry a valuable dynamic information related to the machine conditions. Many techniques
including time domain analysis [17, 142, 143], frequency domain analysis [144] and time
frequency domain analysis [145, 146] have been developed to process the vibration signal.
However, the useful information from a vibration signal often get contaminated with the
structure borne noise. Beside this, signal strength also depends on the location of the sensor
[147]. Thus, sometimes it has a low signal-to-noise ratio (SNR). In the way to achieve an
improved SNR value for a signal, nowadays the researchers are using IAS signal for the
detection of faults in rotating machineries [147]. The reason of using the IAS signal is that any
faults in a rotating machine has its influence on the angular speed the present of faults in a

rotating machine always affects the angular speed of the output shaft. Thus, the faults can be
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effectively identified in a rotating machine by analyzing the IAS signal. Recently, many
studies [13, 90, 148] have reported the use of IAS signal in the diagnosis of machine faults.
The most common and accurate way to measure the IAS signal is by installing an optical
encoder which involves lower cost than the conventional accelerometers and can provide better
resolution than the other IAS measuring devices. On the other hand traditional encoders have
been used for a long time in the industry to monitor machines’ performance and its’ fault
detection. However, these sensors are still expensive and are not suitable for isolated
environments with difficulty in installation.

In machinery condition monitoring, the selection of the proper transducers is very essential so
that it can provide an accurate measurement in both time and frequency domains. The
conventional large transducers used for machinery condition monitoring require a wired
connection to transfer the measured vibration data to the computer node and have a narrow
frequency bandwidth, which in term reduce their accuracy, versatility and applicability to the
smaller machineries.

In recent years, many researchers have studied the feasibility of using MEMS accelerometers
and wireless transmission technologies for machine condition monitoring. Raj et al. (2013)
studied and demonstrated the importance of using vibration signals measured using a MEMS
accelerometer in fault detection of a three-phase induction motor. Their experimental results
show that misalignment and loose mounting produces additional amplitude and frequency
modulations, providing an easy and cheap way to detect and characterize both mechanical and
electrical faults in the induction motor [149]. Kumar et al. (2016) investigated and evaluated
the usage of a wireless sensor inside an induction motor and sent data through IEEE 802.15.4
wireless radio communication [150]. Their findings show that the quality of the wireless link

is relatively good and the effect of magnetic fields on wireless link quality is not noticeable.

Besides, Sarkimaki et al. (2005) concentrated on the capability of different wireless
technologies to collect and transfer data used for condition monitoring, and the requirements
to be considered when choosing a suitable transmission protocol were discussed [115]. Medina
et al. (2017) implemented a low cost, low power and highly reliable remote condition
monitoring system for a three-phase squirrel cage motor. The wireless sensors measured

various parameters, including vibrations, temperature and current consumption, providing an
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effective way for mechanical fault detection. The data was sent to a remote PC through a

wireless sensor network based on the IEEE 802.15.4 standard for further signal analysis [151].

Moreover, several studies have investigated the MEMS accelerometer when it is directly
mounted on a machine to monitor condition. Albarbar et al. (2008) studied the suitability of
using a MEMS accelerometer in condition monitoring, and the performance of three different
types of MEMS accelerometer was investigated. Their paper concluded that MEMS sensors
could be used instead of standard sensors especially for wireless implementation [98]. Arebi
et al. [99] developed a WMA that was attached directly on a rotating shaft and the results
demonstrated that different degrees of misalignments could be successfully monitored using a

MEMS accelerometer. Moreover, an analysis of the data collected via a WMA and a shaft

encoder was achieved in [152] to compare their responses under different degrees of shaft
misalignment. According to their results, the wireless MEMS accelerometer performance was

better than the shaft encoder at detecting small shaft misalignment.

3.6 On-Rotor MEMS Accelerometer Measurements

Here the output from a MEMS accelerometer that is attached to a rotor is analysed. For this
purpose, we define two separate Cartesian coordinate systems (as shown in Figure 3-5). The
first coordinate system has a stationary frame of reference (represented by XO-YO-Z0O) and is
helpful in providing the reference for any rotating bodies that includes the rotor and the MEMS
sensor on it. The other coordinate system is attached to a rotating reference frame (represented
by X-Y-Z) and rotates at rotor speed. The three positive outputs from the on-rotor MEMS
accelerometer is aligned to each of the coordinates, respectively. The Y-axis of the
accelerometer, which stays fixed on the rotor, is directed along the tangent of its rotating track.
Furthermore, it is seen from the figure that the MEMS sensor assumes an initial phase of (6,)
with respect to the stationary coordinate frame. It must be noted that the initial phase of any
measurable rotation parameter, say, angular speed (w), is considered to have a zero value for
the sake of ease in analysis. Therefore, it is clear that 8, also depicts the phase difference
between the initial phase of the rotor motion and sensor and the initial phase of the rotor

oscillation [97].
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Figure 3-5 Acceleration analysis of a mass Q rotating around point C [97]

As the rotor revolves about the centre C at the speed of w, both the centripetal acceleration a,
and tangential acceleration a; at radius r can be measured by the MEMS sensor in the both
X-axes and Y-axes, respectively. Simultaneously, the MEMS accelerometer also senses the
gravitational acceleration, whose projections on the X- and Y- axis change with the rotating

process respectively. Thus, the overall outputs of the sensor are:
a, =—a,+0, (3-5)
8, =3+, (3-6)

where§, and g, indicate the gravitational acceleration projected on the X- and Y-axis

individually. It is apparent that the estimated signals comprises of both parts; the rotatory
motions implying rotor dynamics and the innate acceleration due to gravity that interacts with
the rotatory dynamics. Undesirable gravitational accelerations have to be eliminated or at least
minimized from the output measurements so as to precisely characterize the rotor dynamics
[97].
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3.6.1 Centripetal and Tangential Acceleration

The rotor motion is associated with an unsteady speed, w which relates to the angular
acceleration as @ = da)/ dt , then the two relevant acceleration components, namely, the

centripetal (@, ) and the tangential (&, ) reads:
a =aw’r (3-7)
a=ar (3-8)

It is assumed that the angular speed to be measured is @ =@, +@ , where @, is the steady
angular speed and @ denotes the dynamic angular speed, which means its amplitude varies
with time. Therefore, centripetal acceleration d.and tangential acceleration @, can be

expressed as [97]:

a=(0,+d) r=ra +2rod+ré’ (3-9)
a=r2 3-10
dt ( - )

According to the National Electrical Manufacturers Association (NEMA) [12], most AC
squirrel-cage induction motors have a maximum slip ratio of 5%. This means the speed of

induction motor drives fluctuates within around 5% of their rated speeds, making it acceptable

that &/, 1 1. Thus, the quadratic term ré° can be ignored. Moreover, the steady term ra)g

IS not interesting for dynamic investigation. Therefore, the dynamic centripetal acceleration a,

can be approximated as:
a, = 2wy (3-11)

In addition, the dynamic angular speed is implemented as a periodical signal expressed as:
@:ZA]sin(na)pH(pn) (3-12)
n=1
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where A and @, denote the amplitude and phase of the n™ harmonic component of @

individually, and @, is the fundamental frequency of the periodical signal. For numerous

rotating processes, @, can equal the steady angular speed @, then, the dynamic angular speed

@ can be given as [97]:

@zi&sin(nwot+¢n) (3-13)

n=1

Therefore, the centripetal (ﬁc) and the tangential (51[) components of the acceleration vector

recast in terms of the fundamental harmonic frequency and their combinations as [97]:

4, zina)OAn sin(napt +¢,) (3-14)
n=1

g~ i nra,A, cos(nat +¢,) (3-15)
n=1

3.6.2 Gravitational Acceleration Projection Signal
As shown in Figure 3-5, there is an acceleration component upward with an amplitude of 1.0g

and opposite to the real gravitational acceleration. This component implements the
gravitational acceleration sensed by a MEMS accelerometer on both X-axis §, and Y-axis g,

in which these projected signals can be written as:
g,=9sind (3-16)
g, =gcosd (3-17)

where @ denotes the angular displacement of the on-rotor MEMS accelerometer at time tand

can be obtained according to the angular speed @ as

t
0=0,+ [ it (3-18)
0
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Assuming the angular speed is consisting of the steady component @, and dynamic component

@ ; therefore, the angular displacement of the MEMS sensor can be expressed as [97]:

t
0=0,+[ (e, + )t (3-19)
0

t
0= 0, + oyt + [t (3-20)
0

Equation (3-20) displays that the total angular displacement consists of three components,

which are the initial phase 6,, linear progression displacement due to steady speed @, and

displacement oscillation due to dynamic angular speed @ . Displacement oscillation can be

expressed as:
t 1 0 A1
¢(t)=fcbdt:—ZF[—COS(na)Ot+(pn)+COS(pn] (3-21)
0 Wy n=1

As a result of the oscillation of the angular displacement, the projections in Equations (3-16)
and (3-17) exhibit angle modulation, which means they might have numerous components of

higher orders. On the other hand, and compared to the steady operation of conventional
machines, the amplitude of ¢(t) is typically small. Therefore, the linear term ¢(t) is the

only one that will be considered in derivation of the projections, so

9, = gsin| 6, + ot +o(t) ] (3-22)
g, ~ 9sin (6, + a,t)+ g (t)cos(6, + wt) (3-23)
g, =9gcos| 6, +at+o(t) ] (3-24)
9, ~ gcos(6, + wpt)—go(t)sin(6, + wyt) (3-25)

Equations (3-23) and (3-25) demonstrate the contents of both the projected gravity signals.

The gravity signal comprises not only of a primary carrier signal having frequency @, and

amplitude g but also a series of small auxiliary sidebands having ﬂ/2 phase difference with
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the former counterpart. From Equations (3-21) one may estimate the sideband amplitudes and

by replacing (3-21) into (3-23) and (3-25) one may calculate the respective projections on the

X- and Y-coordinates [97].

—lcos[(n +1) ot +6, + o, |-
2 (3-26)

g, ~ gsin(6, +a)0t)+—g Zw:—A‘
o, n |1
=cos[ (1-n)at +6, — @, |+ cosgp, cos(6+myt)

sin[ (n+1) oyt +6, +9, |+
(3-27)

9, =~ gcos(6, +a,t)+
sinf (1-n) ayt + 6, — @, | —cos g, sin(6, + myt)

Using Equations (3-15) and (3-27), both gravity projected on the Y-axis and tangential
acceleration signals may be presented in the time domain and frequency domain.

Amplitude(g)

0.4 0.6 0.8
Time (Second)
R T B e R

=
i

Amplitude(g)

0
0 5 10 3 20
Frequency (Hz)

Figure 3-6 Accelerations measurements (a) tangential acceleration and gravity signal projected

on Y-axis g, in time domain (b) frequency components
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From Figure 3-6, it is noted that both gravitational acceleration and tangential acceleration
changes with time have similar frequency components, which means it is difficult to separate
them and obtain the tangential acceleration using a low pass filter [153]. Here one needs to
eliminate the acceleration due to gravity in order to put the dynamic information of the rotor
into use in regards to condition monitoring. The next sections introduce a new method used to

eliminate gravitational acceleration using the two outputs of one MEMS accelerometer.

3.7 Tangential Acceleration Reconstruction

The approximated outputs of the X- and Y- axis can be obtained by substituting Equations
(3-14), (3-15), (3-26) and (3-27) into Equations (3-5) and (3-6) respectively.

8,=-8+0,~—) 2ro A sin(nat+g, )+, (3-28)
n=1
d,=4+9,~ Y nraA cos(nat+g,)+9, (3-29)
n=1

Equations (3-26) and (3-27) show that §,and{, enjoys similar amplitude but have a /2
phase difference for all frequency components.

To remove the effect of gravitational acceleration, the sensor outputs are processed via the

following four stages [97]:

1- Apply low-pass filters to éxand éy so that high frequency noise is removed.

2- Apply Hilbert transform (HT) to produce a /2 phase shift in 4, as the filtered signal.

3- The phase-shifted and filtered éy signals are added together to produce a signal without

gravitational acceleration components and therefore which only contains tangential
components:
4

a, =Y (n+2)rayA, cos(nat+¢,) (3-30)

n=1
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Comparing (43-30) with 51t in (3-15), the frequency phases and components of both signals

show similarity. However, the amplitude of n' harmonic is (n + 2)/n multiple of the true one.

Obviously, it is simple to rectify this constant difference, which is done in step 4.

4- Multiply the amplitude of n'" harmonic component of &, by n/(n+2) to get the pure

tangential acceleration signal &, as expressed in Equation (3-31).

4
8, = ). NrayA, cos(nat +¢,) (3-31)

n=1
Thus, Equation 3-31 clearly expresses the fact that the orthogonal results derived from on-
rotor accelerometer (MEMS) is useful to eliminate the effect of acceleration due to gravity that
is projected on the X-coordinate, which enables one to accurately exemplify the investigated

rotor dynamics.

3.7.1 Performance Analysis

To estimate the performing capacity of one MEMS technique presented in this chapter and
used to eliminate gravitational signals, simulation of the rotating system of a two-stage
reciprocating compressor is performed and the equations explained in Sections 3-6, 3-6-1 and

3-6-2 are used to obtain the associated acceleration signals.

A 3-phase induction motor (KX-C184 with a power rating of 2.5kW) drives the compressor
wherein the power transfer to the flywheel of the compressor takes place via a pulley belt
arrangement that has a 3.2:1 transmission ratio. The rated motor speed, which is about 1420
revolutions per minute (rpm), implies that the flywheel speed is approximately 440 rpm.
Figure (3-7) shows the waveform and spectrum of the angular speed of the crankshaft and by

taking this signal as the input, tangential accelerations ﬁt , the dynamic centripetal acceleration

., gravitational acceleration projections ,and g, are calculated according to the models

given in this chapter and presented in Figure (3-8). Because of the reciprocating movement of
the piston, it is assumed that the speed will be fluctuated with a ratio of 5% [45], [154]. This
means that the dynamic angular speed amplitude should be no more than
440x<5% =22 rpm.
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Previous work measuring instantaneous speed [45], uses as many as 3 higher orders of
harmonics in order to include the impacts of nonlinear torque caused by the movement of the
piston and compression of air in the representation. In particular, simulation of the crank

shaft’s angular speed may be achieved as follows:

, 440+203in(2ﬂ46;?t+%j+8sin(4n46;?t+%)+
:£ 440, 2 440, 3 (3-32)
5sin| 67—t +<% |+ 2sin| 87—t + 2%
60 3 60 4

Titne (Second)
30 : : : : : : : :

Dynamic speed (rpm)

0 5 10 15 20 25 30 35 40
Frequency (Hz)

Figure 3-7 Angular speed (a) time domain waveform and (b) its representation frequency domain
Figure (3-8) shows the gravity signal projected J,and g, as controlled by the fundamental
frequency components, and the angle modulated sidebands of §, and g, are hardly noticeable.

This means that J,and g, given in Equations (3-26) and (3-27) can be approximated by

merely accounting the linear term go(t) of significance. On the other hand, clear higher order
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harmonics can be observed in the frequency spectrum of both dynamic centripetal acceleration

a, and tangential acceleration @,.
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Figure 3-8 True accelerations and their spectrum (a) centripetal acceleration @., (b) tangential

acceleration @, (c) gravity signal projected on X-axis g, and (d) gravity signal projected on Y-axis g,,.
Figure (3-9) (a) and (b) shows the sensor outputs on the X- and Y-axis, which are calculated by
replacing accelerations signals 8., &,,0, and g, into Equations (3-5) and (3-6) respectively.
Next, these output signals are processed according to the tangential acceleration reconstruction

method explained in Section 3.7.
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Figure 3-9 Processed signals and their spectrum (a) signal in X-axis @,, (b) signal in Y-axis @,,

and (c) true tangential signal @, and the reconstructed signal @,

A contrast in the reconstructed tangential signal 5” and the real tangential acceleration ﬁt are
given in Figure (3-9c¢). It is clear that the two signals are almost identical and displays excellent
equivalence in regards to the amplitude, waveform shape and frequency factors, which means

that this method is reliable and can be used to eliminate gravitational acceleration, giving a pure

tangential acceleration.

3.7.2 Error Analysis
The absolute error of the harmonics signals was calculated to estimate the performing capacity

of one MEMS method used to remove the gravity signal projected on both X- and Y-axis,
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providing true tangential accelerations. Table 3-2 compares the amplitudes of the true tangential

accelerations 8, and the reconstructed tangential accelerations @, and also shows the absolute

error of the first fourth harmonics [97].

Table 3-2 Absolute error of harmonics for one MEMS sensor method

1*t harmonic 2" harmonic 3 harmonic 4™ harmonic
Amplitude of ﬁt ) 0.4918 0.3934 0.3687 0.1966
Amplitude of & (g) 0.4939 0.3974 0.3725 0.2002
Error (g) -0.0020 -0.0040 -0.0037 -0.0037

The table shows very small the absolute errors among all harmonics of the reconstructed
acceleration signals, at less than 4%. This level of absolute error can be acceptable, and they
are close to the sensor resolution used in this research (for the detailed specification of the
MEMS sensor see Chapter Four). In addition, the error distribution of one MEMS method is
studied deeply under different rotor dynamic characteristics by performing a Monte-Carlo test
based on the angular speed given in Equation (3-32). In this test, the harmonics amplitudes of

@ are chosen as random values (ranges given in Table 3-3). However, they are restricted by
an approximate relationship where A >A,>A>A,. Additionally, the initial phase
®, (n =1,2,3, 4) and the initial angular displacement 90 are made to be random values between
0and 27 [97].

Table 3-3 Parameter ranges for the Monte-Carlo simulation.

Parameters A A A A, 0. 0.0, 05,0,
Uniformrange  [10,20] rpm  [6,12] rpm [3,8] rpm [1,4] rpm [00 27]

The essence of such random inputs is that it is conducive to the generation of speed fluctuations
thereby allowing the computation of corresponding errors. Table 3-4 shows the errors for the
first four harmonics after 10,000 iterations. From these results, it is clear that even under severe
situations, construction errors are very low in magnitude, suggesting that the construction
method is a reliable one and can be used to obtain the tangential accelerations used for rotating

machine condition monitoring [97].
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Table 3-4 Error results of the Monte-Carlo test for one MEMS sensor method

1% harmonic 2" harmonic 3 harmonic 4™ harmonic
Lower error bound(g) -0.0108 -0.0133 -0.0096 -0.0081
Upper error bound(g) 0.0082 0.0114 0.0102 0.0080
Error range(g) 0.0190 0.0247 0.0198 0.0161

3.8 Summary

Clearly, different technologies offer different benefits and present different drawbacks, as well
as suiting different tasks when managing an asset, with no single technological solution
currently available for all applications. Considering WSN applications, the most applicable
standards are IEEE802.15.1 and IEEE802.15.4. Meanwhile, industrial machinery presents a
harsh environment for WSNs, and the difficulties involved in this environment need to be
taken into account when selecting the best data transmission approach.

One can efficiently reconstruct the tangential acceleration employing the orthogonal outputs
obtained from the MEMS accelerometer. These signals depict favourable matching between
the simulation results and that in the original tangential acceleration. Besides, from the error
analysis, the proposed method presented in this chapter has a maximum error of 0.025, which

is a very small value, making this method reliable and efficient.
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CHAPTER 4 TEST RIG FACILITIES AND EXPERIMENTAL
WORK

This chapter introduces the test rig used to carry out the investigation of using tangential responses
of on-rotor MEMS. It begins with a brief description of the reciprocating compressor used in this
research. Then, it explains the operation of the transducers and its measured parameters, as well
as giving a description of the data acquisition system. Next, it presents the fault types and

implementation.
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4.1 Test Rig Description

As mentioned in Chapter Two, there are many types of compressor with different working
principles and conditions. Among compressor types, the reciprocating compressor is one of
the most common machines used in industry to compress and process gas for different
applications. In this research, a two-stage, single-acting Broom Wade reciprocating
compressor (Model TS9) was selected to be used for experimental work. Figure 4-1 shows the
test rig, including the Broom Wade reciprocating compressor, sensors and data acquisition.
The compressor basically includes three main components; an induction motor, a compressor

unit and a high pressure receiver used for storing compressed air.

Pressure Motor
transducers

External resistance

Intercooler

First and second stage
cylinders

Air receiver

Data acquisition and its
software

Figure 4-1 Broom-Wade TS9 RC

A 3-phase induction motor (KX-C184) with a power capacity and full speed rating of 2.5kW
and 1420 rpm, respectively, drives the reciprocating compressor. A belt-pulley arrangement,
having transmission ratio 3.2:1, is employed to transfer power from the motor to the flywheel.
With the above motor ratings, the flywheel attains a speed rating of approximately 440 rpm

through a corresponding motor speed reduction by a factor of 1/3.2. Figure 4-2 shows a
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schematic diagram of the used two-stage reciprocating compressor and Table 4-1 lists the

technical specifications of the induction motor and the compressor.

Low pressure
cylinder

High pressure
cylinder

Auir Filter

g

intake |
|

High Pressure Tank

Figure 4-2 Schematic diagram of a two-stage reciprocating compressor [45]

To obtain high-pressure air, intake air is filtered to make sure that it is sufficiently smooth and
dry, and only enters the compressor after this. The compressor first of all compresses the air
in the first pressure cylinder (low stage) and then this air passes into the intercooler before
going through the second pressure cylinder (high stage). Thereafter, the compressed air is
ejected from the second cylinder to the storage tank, which has a safety valve fitted to prevent
the air pressure exceeding a specific pressure value. The compressor is designed to deliver air
at pressures between 0.55 MPa (around 80 psi) and 0.83 MPa (around 120psi) to the air storage

unit that has a maximum limit of working pressure at around 1.38MPa (200 psi).
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Table 4-1 Specifications of the motor and the Broom Wade TS9 reciprocating compressor.

Motor specifications

Motor power 2.5/3 HP
Current 4.1/4.8 A
Voltage 380/420 V
Motor Speed 1420 rpm

Broom Wade TS9 Compressor Model s

pecifications

Number of cylinders 2 (90° opposed)
Piston Diameter [Low Pressure Cylinder] 93.6 mm

Piston Diameter [High Pressure Cylinder] 55.6 mm

Piston stroke 76 mm

Max working pressure 1.38 MPa
Speed 440 rpm

4.2 Measurement Transducers

The test rig used in this study has been used for many condition monitoring research projects
conducted by the Centre of Efficiency and Performance Engineering (CEPE) group. Thus, a
number of transducers have been already installed, including accelerometers, an instantaneous
angular speed (IAS) encoder, static and dynamic pressure sensors and thermocouples. Each of
these transducers is linked to a data acquisition system (DAQ) by coaxial BNC cables for
reducing signal noise. Besides these, two different MEMS accelerometers have been added in
this work. Below is a description of these transducers.

4.2.1 Encoder

A typical and precise way of measuring IAS is through installing an optical encoder at one end
of the rotor by determining the angular position of the shaft. As shown in Figure 4-3, an
incremental shaft encoder RI132 was installed on the flywheel end to measure the IAS with an
accuracy of 1°, allowing any small changes in shaft speed to be measured and recorded. The
encoder provides two outputs: the first on is 100 electrical pulse trains for every revolution
and the other signal is one pulse for each revolution, known as the index signal. It is connected
directly to the DAQ.
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Figure 4-3 RI132 encoder sensor

Figure 4-4 shows the online raw data, the electrical pulse trains and the index signal, measured

by the encoder and presented through data acquisition software.

PowerCED-CYI-C v0.0{2014) x|
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Figure 4-4 Optical encoder raw data

4.2.2 Dynamic Pressure Sensor

Two analogue pressure transducers are placed on the head of low and high pressure cylinders

to measure dynamic pressure change. As shown in Figure 4-5, both GEMS type 2200 strain

gauge pressure transducers were fixed via a small hole drilled into the head of each cylinder.
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These sensors can measure the pressure with a range of up to approximately 4MPa (600psi),
and the upper frequency limit of round 4 kHz. Figure 4-6 shows a typical set of online raw
data sensed by the dynamic pressure sensors at both low and high stage cylinders.

Figure 4-6 Online pressure sensors raw data

4.2.3 Static Pressure Sensor

Figure 4-7 shows a Gem type PS20000 static sensor pressure, which has an operating range of
0 to 1.35MP, installed on the storage tank to monitor its pressure as well as to trigger data
collection when the pressure reaches the specified values. The maximum output of the sensor
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is about 100mV, the supply voltage is 15V (10V), the operating pressure range is between 0
and 1.35MPa and the operating temperature range is quite wide, ranging from -20°C to +
105°C. Figure 4-8 displays the online raw data of the pressure at the tank sensed by the static

pressure sensor.

Figure 4-7 Static pressure sensor on air Figure 4-8 Tank pressure sensor output

storage tank

4.2.4 Temperature Measurement

To measure the air temperature inside both low and high pressure cylinders, K-type
thermocouples with a linear response from -20°C to 220°C were inserted into the inside of the
cylinders through holes created in each stage. Figure 4-9 shows the temperature sensor
installation, while the online thermocouples’ sensor outputs were presented in Figure 4-10.
The cylinder temperature measurement is very important not only to protect the other sensors
from high temperatures, but also to ensure the safe operating conditions of the reciprocating

compressor.

Figure 4-9 Temperature sensor installation Figure 4-10 Online thermocouple digital output
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4,25 AX3 Data Logger

Figure 4-11 presents an image of a three axial MEMS acceleration data logger, AX3,
constructed based on ADXL345 and manufactured by Axivity [155].

<<

Figure 4-11 AX3 accelerometer

As shown in Figure 4-12, the AX3 is attached to be closer to the flywheel centre to acquire the
on-rotor acceleration signals. The AX3 sensor is located with an offset of 5 cm from the
flywheel centre allowing the data logger dynamic range to capture the full waveform of the
acceleration signals. The specifications for the AX3 data logger are listed in Table 4-2. Before
using the AX3, it was set for operation within a £16g dynamic range at a 1600 Hz sampling
rate. The collected information is stored in the memory integrated with AX3 during the
machine run-time and then transferred to a computer for post-processing of the results after
the shutting down of the machine.

Figure 4-12 Picture of AX3 installation on the compressor wheel
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Table 4-2 AX3 features

Parameters AX3

Cost £99

Sensor Type MEMS

AXis 3-axis accelerometer

Range +2/4/8/169 (Configurable)

Size & weight 23x32.5x7.6 mm, 11g

Resolution Configurable up to 13 bit (0.0039g/LSB)
Logging Frequencies Configurable 12.5Hz - 3200Hz
Maximum Logging Periods 30 days at 12.5 Hz or 14 days at 100Hz
Battery Type Rechargeable

Connectivity Micro USB

Data collection method Data logger device (512MB NAND flash memory)
Another sensors build in Temperature and Light sensors

A typical set of AX3 raw data that presents the rotating acceleration is shown in Figure 4-13.
AX3 data was presented and downloaded though OM software that provides a GUI interface.
More details about AX3 configuration, data collection downloading and data format

converting can be found in Appendix A.

[ @ Open Movement (Beta Testing Version ) [WV1.0.0.21] - C\Users\u1369010\Docu... l == é ]
File Edit View Tools Help
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Device Session Id Batteny Download Recording

1| m | 3

Options
D4k
Kooz
Y-z
F-Fois

[ Light

Files | Queus | Cutput

Show All Files | (4 Plugins.. »X Delete

MName File Location Filegize (MB)  Date Modified
14176_00000000... CiUsersw1363010n.. 2257 14/05/17 08:55:51

Figure 4-13 Ax3 raw data
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4.2.6 Wireless Sensor Node

Figure 4-14 depicts the wireless sensor node adhered directly to the flywheel to measure the
on-rotor acceleration. The Analogue Device ADXL345 3-axis accelerometer has been used in
this research. It is widely used in industrial instrumentation, personal navigation devices and
medical instrumentation [156]. The ADXL345 MEMS sensor has a high resolution, of up to
13-bit (3.9mg/ LSB)and it is also able to measure both static acceleration of gravity and
dynamic acceleration caused by motion at up to +16g. a DC supply voltage range is needed to

power the sensor between 2V and 3.6V. Table 4-3 shows the specification of the ADXL345

accelerometer.

Figure 4-14 Installation of (I) MEMS accelerometer and (II) microcontroller board

Table 4-3 specification of the ADXL345

Parameters ADXL345

Cost Around £10

Sensor Type MEMS

Axis 3-axis accelerometer

Range +2/4/8/16g (Configurable)

Size & weight 3x5x1 mm, 30mg

Resolution Configurable up to 13 bit (0.0039g/LSB)
Digital interfaces SPI and 1°C

Temperature range —40°C to +85°C
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4.3 Data Acquisition System

Figure 4-15 shows a high-performance CED 1401 Plus data acquisition system from
Cambridge Electronic Design which was used to acquire the data from all sensors installed on
the reciprocating compressor except for the Ax3 data logger and wireless MEMS
accelerometer. During experiments, this electronic device collects, analyzes and converts the
sensor analogue signals to a digital data in which a further analysis can be achieved via Matlab
Program. For all experimental tests, the data was acquired from all sensors regardless of
whether it would be used or not, as this did not change the file data, making processing easier.
In each test and for the transducers connected to CED 1401 Plus, two data files implemented
in binary format were collected at every specific load used for post analysis. Simultaneously,
the data recorded by the AX3 sensor is saved in the memory for the period of machine
running-time in csv format and then transferred for post-processing, while the data measured
by wireless sensor was sent instantly to a remote computer that received the data in mat format
through BLE. Different acquired data was used as inputs for further processing and was been

analyzed through programming using Matlab software.

Figure 4-15 CED 1401 Plus data acquisition system

The main features of the CED 1401 Plus data acquisition device are listed below:
> It has 16 channels (only seven channels are used in this study).
> It has one G byte memory, expandable to two G bytes.
» It can record waveform data and marker information at 400 kHz and 16 bit resolution.
> It is a multi-tasking experimental system.
» It can generate waveform and digital outputs simultaneously in real-time.
As listed in Table 4-4, only seven channels are used in this experimental research to collect

different data using the transducers described earlier.
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Table 4-4 CED 1401 Plus channel

Channel number

Data type

Channel one

Collects the data from low pressure transducer

Channel two

Collects the data from the high pressure transducer

Channel three

Collects the data from the low vibration accelerometer

Channel four

Collects the data from high vibration accelerometers

Channel five

Collects the data from shaft encoder

Channel six

Collects the data to measure angular position mark for position TDC

piston

Channel Seven

Collects motor current signals

4.4 Measurement Practice, Data Management and Software for Data

Processing

A schematic diagram of the compressor test rig system including the various measurement

positions, transducers, and data acquisition system used in this study is presented in

Figure 4-16.
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Accelerometer
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Tank Pressure Sensor
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Figure 4-16 Schematic diagram of the compressor test system
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The software for data acquisition was written using LabWindows/CVI, which is a software
development environment for C programmers. The software is pre-installed with numerous
facilities like exhaustive run-time libraries that manages controlling of instruments, efficient
data acquisition capacity, functional analysis as well as an easy GUI (Graphical User Interface)
(GUI) compiler having an added engineering Ul (User Interface) functionality. This
programme finds extensive use in creating high performing and stable applications that is
utilised by diverse field of professions such as in military, manufacturing and aerospace
industry, telecommunication services, automotive facilities, to name a few. It enables the static
and dynamic parameters of data such as vibration, pressure, IAS, acceleration, and temperature
to be measured and recorded regularly and simultaneously at different rates and data lengths.

The software also has a set-up window allowing users to modify some parameters, such as the
sampling rate and data length. As shown in Figure 4-17, the sampling frequency and data
length were set to 39.68 KHz and 64722 points respectively. Therefore, the time duration of

data points was 1.631 sec.
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Figure 4-17 Set up window of data acquisition software
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Parameters such as the reciprocating compressor temperature, vibration levels on the low and
high pressure cylinders, current signal and rotor speed have been observed and their data is
recorded in regular intervals from the experimental setup of reciprocating system. The raw
data that is acquired on each run gets displayed on a computer-aided monitor (illustrated in
Figure 4-18).

Figure 4-18 Raw data acquired from test rig

45 Fault Simulation and Seeding

In this work, many measurements were obtained for different faults, including intercooler
leakage (IL), second stage discharge valve leakage on the high pressure cylinder (VL) and
asymmetric stator winding of the motor driver (ASW), which were simulated individually on
the compressor test rig. Table 4-5 summarizes the experimental tests conducted to monitor the
performance of the compressor with only one individual, isolated fault present as well as
combined faults.
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Table 4-5 Test cases description

Test case Description

BL Healthy data

DVL Data with a leaky discharge valve on the high pressure cylinder
ICL Intercooler leakage

ICL+DVL Large intercooler leakage + a leaky discharge valve on the high pressure cylinder

DVL+ASW | aleakage in2" stage discharge valve + asymmetric stator winding of the motor

ICL+ ASW | Intercooler leakage + asymmetric stator winding of the motor

4.5.1 Leaky Valve Simulation

Among various pivotal components necessary for a reciprocating compressor, valves hold a
significant centre-stage. Reciprocating compressors can be designed with different types of
valves, including poppet valves, ring valves and plate valves [157], which are used in the
reciprocating compressor used in this work. As shown in Figure 4-19, plate valves were
constructed from a seat, valve plate, springs, and guard. It is recommended for use when the
required discharge pressure is up to 40 MPa. This kind of valve is capable of handling high
pressures around 20 MPa, differential pressures up to 40 MPa, speeds up to 1800 rpm, and

temperatures to 500°F.

Figure 4-19 2" stage discharge valve parts
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Valve leakages can be considered one of the most common failures in reciprocating
compressors. As illustrated in Figure 4-20, this fault was produced by producing a hole of
2 mm in diameter on the discharge valve plate, taking up around 2% of the flow cross-section.

Figure 4-20 Leak in 2" stage discharge valve plate

45.2 Leakin Intercooler

Another common leak of the reciprocating compressor appears in the joints in the piping used
to carry the processed air from low to high stage pressure. In this work and as shown in
Figure 4-21, intercooler leakages are implemented by loosening the intercooler with two kinds
of severities. A small intercooler leakage was produced by turning the nut through one turn,

whereas loss of a larger amount of air was created to implement a large intercooler leakage.

Figure 4-21 Leak in the intercooler
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4.5.3 Stator Asymmetries Faults

A 2.5 kW, 445 rpm 3-phase induction motor with a phase resistance of 10 Q was used to drive
the compressor. Generally, three phase induction motors may have different faults due to poor
connections, overloading and overheating. Turn to turn faults, phase to phase short faults,
phase to earth short faults and open circuit coil faults [17] are the most common faults
appearing in the induction motor.

Figure 4-22 presents the external resistor bank connected to only one phase resistance of the
induction motor to simulate motor stator resistance imbalance, whereas the electric scheme is
shown in Figure 4-23. Any small change in the phase resistance value will cause a variation
of the current flowing in the three phases as well as reducing the magnetic flux exuded by one
of the stator windings, leading to degradation of system performance. Besides, any small
amount of induction motor imbalance resistance will significantly increase the temperature of

the stator winding, leading to degradation in motor performance.

Figure 4-22 External resistor bank
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Figure 4-23 Schematic diagram of extrenal resistance connection

All faults and leakages explained in this section can degrade the compressor efficiency. As
shown in Figure 4-24, reciprocating compressor performance is implemented by compression

time, which can be defined as the time required for the pressure in the tank to reach 0.816MPa

(120psi).
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Figure 4-24 The effect of different fault conditions on compressor performance
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From this figure, it is clear that the compression time is longer when there is a fault compared
with the healthy condition case, which means the compressor takes more time to reach a

specific pressure value, resulting in consuming more power.

4.6 Summary

In this chapter, a detailed description of the test facility was provided, and relevant
instrumentations used to acquire different parameters such as vibration, IAS, pressure, and
temperature were included. Besides this, the data collection using the test rig was explained,
to be analysed using MATLAB code to monitor the reciprocating compressor health and

indicate common faults.
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CHAPTER 5 MONITORING RC USING THE
ACCELERATION RESPONSES IN TANGENTIAL
DIRECTION OF THE ON-ROTOR SENSOR

In this chapter, data acquired by AX3 installed on the reciprocating compressor (RC) flywheel
is analyzed to classify faulty signals. Experimental findings prove that tangential accelerations
measured at the RC crankshaft can well reflect RC health and common faults to be

differentiated for online condition monitoring.
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5.1 Introduction

The observations in Chapter Three showed that the actual tangential acceleration can be
obtained by combining two orthogonal outputs coming from the accelerometer, which measure
the centripetal acceleration and tangential acceleration combined with gravitational
acceleration projected on both X-coordinate and Y- coordinate. Therefore, the rotor dynamics
of a rotor can be characterized precisely using reconstructed tangential acceleration, providing

accurate information for condition monitoring.

In order to estimate performance of use of the reconstructed signals for rotating machines
condition monitoring, experiments was carried out based on the two-stage reciprocating

compressor mentioned in Chapter Four.

5.2 Test Procedure

For the testing period, AX3 was set for operation within a £16g dynamic range at a 1600 Hz
sampling rate. This enabled the characteristics of the dynamic rotor to be inspected adequately.
As discussed in the previous chapter, the mounting of the AX3 occurs directly onto the
flywheel, at 50 mm offset from the centre. Measurements were also taken for tank pressure,
and data for this was collected using a CED 1401 system at a 49019 Hz sampling rate. Overall
4 datasets were taken across a range of conditions for the compressor, using healthy state as
the baseline and investigating 4 conditions of fault. These faults were produced when the
reciprocating compressor was induced with different common compressor faults. The
measurements were taken for a small intercooler leakage, a large intercooler leakage, a valve
leakage towards the high-pressure cylinder and a combined fault simulated by creating a
discharge valve leakage fault and intercooler leakage at the same time.

5.3 Results and Discussion

Figure 5-1 displays the rotating acceleration signals in three axes (X, Y, Z), which were
measured by AX3 sensor at 100 psi (around 0.689 MPa). As explained in Chapter Three, the
true tangential acceleration can be reconstructed using both signals measured at the X-axis and

Y-axis of MEMS accelerometer, and so attention will be given to these outputs.
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Figure 5-1 Acceleration signal at 100 psi pressure (a) X axial (b) Y axial (c) Z axes

It depicts that the acceleration signals on the X-coordinate and Y-coordinate shows periodic
oscillations based on the working frequency, showing the basic dynamics of the compressor
operation process. Nevertheless, due to centripetal acceleration a unique negative offset that is
observed in Y-axis. Moreover, there was some negative offset observed on the X-axis, but this
was not significant, and represented a projection from centripetal acceleration because of the
lack of precise alignment between the sensor and the rotating track’s tangential direction.
However, such DC offsets are not essential for dynamic analysis due to there being no time

varying information that can be used for condition monitoring.
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Figure 5-2 Acceleration signal and its spectra with pressure at 0.689MPa (100 psi) (a) X-axis
and (b) Y-axis

In the meantime, the spectra in Figure 5-2 evidently depicts that for both signals the largest
frequency component is at 7.54 Hz which is the steady angular speed for the crankshaft and is
considered the fundamental frequency aforementioned. Besides this, at least four higher
harmonics exist that are significant in showing more detail in compressor dynamics. Also,
some higher frequency contents can be observed above 50Hz, which are from structural
vibrations and not essential for analysis. After removing these components with a low pass
filter, the tangential acceleration is reconstructed using the proposed methodology introduced
in Chapter Three. Figure 5-3 presents the tangential acceleration signals, which are mainly
constructed of the fundamental frequency and its first three harmonic components. By
comparing the amplitudes of these components, it can be seen that the fundamental frequency

has the largest amplitude and that the 3™ harmonic is larger than the 2" and 4™ components.
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Figure 5-3 Reconstructed signals having 0.689MPa or 80 psi as tank pressure. (a) Temporal

domain and (b) frequency domain

Moreover, the reconstructed signals for different tank pressures shown in Figure 5-4 is plotted
to obtain the general features of reciprocating compressor dynamics. It is noticeable that the
fundamental frequency, the 3 and 4™ harmonics components demonstrate linear relationships
with the pressures for the whole pressure range, representing the effect of pressure-induced
torque. On the other hand, the 2" harmonic displays a non-linear connection with the pressure
reflecting more on the impact of the torque caused by the inertia of reciprocating mass.
Furthermore, the fundamental frequency and the 3" harmonic exhibit comparatively higher
amplitudes and can differentiate each successive pressure. These mean that they have a good
signal to noise ratio (S/N) and sufficient accuracy to show the variation in pressure. Therefore,

they are reliable for reflecting the dynamics of the compressors.
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Figure 5-4 Tangential acceleration at conditions of tank pressure in spectral feature modes (a)
as a waterfall-plot; amplitude of (b) fundamental component, (c) 2" harmonic, (d) 3" harmonic

and (e) 4" harmonic.
For further evaluation of the usage of the reconstructed signal based on the method proposed
in Chapter Three, more data were acquired when the reciprocating compressor was induced
with different common compressor faults. These measurements were for small intercooler
leakage, large intercooler leakage, valve leakage on the high-pressure cylinder and a combined
fault simulated by creating a discharge valve leakage and intercooler leakage fault at the same
time. The simulation methods for all these faults was explained in Chapter Four. The amplitude

of harmonics of all acquired signals changing with compressor tank pressure is shown in

Figure 5-5.
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Figure 5-5 Amplitude corresponding to (a) fundamental frequency; (b) 2" harmonic; (c) 3"
harmonic and (d) 4" harmonic of the reconstructed acceleration signal plotted against the tank

pressure

Figure 5-6 illustrates the relation between the 3" harmonic and the fundamental frequency
with tank pressure across a range between 0.41 MPa and 0.83 MPa (60 psi to 120 psi). Based
on the fundamental and the 3" harmonic, the fault signals are classified in Figure 5-7. It is
clear that the small intercooler fault (ICL1), the large intercooler fault (ICL2), the discharge
valve leakage fault (DVL) and combined faults (ICL+ DVL) can be clearly separated from the
baseline signal (BL). Furthermore, the residual of the DVL related faults, i.e. DVL and the
combined fault (ICL+DVL), is positive, whereas that of ICL related faults, i.e. ICL1 and ICL2,
is negative. In addition, a particular note can be absorbed in which the residual of the combined
fault case (IL2+VL) is closer to the discharge valve leakage fault. This is because the leakage

of the discharge valve is more severe than that of the intercooler.
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5.4 Summary

Based on the findings from the experimental work the reconstruction of tangential acceleration
is shown to give enough accuracy to demonstrate the compressor’s discharge pressure. Further,
using the relation of the 3 harmonic and fundamental component, it is possible to detect a
variety of simulated fault implemented in this work. Thus, using one on-rotor MEMS
accelerometer which has two or three axes, it is possible to monitor compressor condition and

detect a variety of frequently-occurring faults.
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CHAPTER 6 MONITORING RC USING ANGULAR SPEED
RESPONSES FROM THE ON ROTOR SENSOR

In this chapter, data acquired by wireless MEMS accelerometer installed on the compressor
flywheel will be analyzed to classify faulty signals. The outcome delineate that tangential signal
component of crankshaft’s acceleration signal from a reciprocating compressor as obtained via
one MEMS method presented in Chapter Four can effectively reflect different discharge
pressures and allow common leakage faults to be differentiated for wireless online condition
monitoring. Furthermore, the reconstructed tangential acceleration signal is compared with the

IAS signal from an optical encoder mounted onto the end of the shaft.
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6.1 Introduction

The measurement of angular speed is a common issue in a variety of applications in the area
of rotating machines condition monitoring [148]. The idea behind the usage of the IAS signal
as a tool for fault detection and diagnosis is that any fault occurring in the rotating machinery
has a direct influence on the angular speed of the rotating shaft. It commonly provides a
valuable quantity of information which reflects the physical condition of the machine [158].
Many researchers have evaluated the condition of rotating machines using IAS measurement-
based condition monitoring. A study achieved in [90] investigated IAS-based planetary
gearbox fault diagnostics in which the IAS signatures were obtained by demodulating the
frequency modulated pulse trains. These trains were produced by two encoder wheels installed
at the low-speed input and the high-speed output of the planetary gearbox. The authors
concluded that the proposed IAS-based planetary gearbox condition monitoring can be
effective to detect faults that might occur in the system. Besides, Renaudin et al. have proposed
IAS measurements as an alternative method to conventional vibration measurement for
bearing condition monitoring. According to their large experimental investigation on two
different applications, including a gearbox and an automotive vehicle wheel, localized faults
such as pitting in bearings produce small fluctuations in angular speed measurable by both
optical and magnetic encoders, meaning that abnormal conditions can be diagnosed [159].
Moreover, in [158], the IAS was used for fault detection and diagnosis of a multistage gearbox
in which a new extraction method was created by combining Empirical Mode Decomposition
(EMD) and Autocorrelation Local Cepstrum (ALC). The outcomes show that the proposed

approach can indicate gear faults efficiently.

Many other researchers have employed an optical encoder to obtain IAS: however, cost and
installation difficulties are issues that make it important to find an alternative to measure IAS.
As mentioned in previous chapters, due to the recent development in wireless transmission
techniques and Micro Electro Mechanical Systems (MEMS) technology, it becomes feasible
to measure the on-rotor accelerations of rotating machines at low cost for condition
monitoring. As the transducer is directly attached to a rotor, it will be able to capture dynamic
characteristics of the rotating part with high accuracy [97], making wireless MEMS

accelerometers a good alternative to expensive optical encoders.
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The work achieved in Chapter Five has been developed by improving on the data collection
method, through bringing in the wireless data transmission technique, which enables online
condition monitoring. Additionally, to confirm the suitability of the wireless accelerometer as
a measurement device for reciprocating compressor condition monitoring, the IAS is
calculated using the reconstructed tangential acceleration signal, which is obtained based on
the method presented in Chapter Three and compared with the IAS signal from an optical

encoder.

6.2 1AS Measurement Based on Encoder
IAS measurement is widely used in the area of fault detection and diagnosis, monitoring health
condition and control of rotating machines. By studying IAS variations, a sizeable quantity of

information regarding the health of the machine can be obtained [148].

A range of approaches are applicable to measuring angular speed, with newer strategies for
processing encoder signals being developed in an attempt to enhance performance. These
strategies may follow two fundamental approaches: measurement of the duration of one
encoder signal cycle; or counting how many pulses occur within a set time period [148].

6.2.1 Measurement Principle

In general, average angular speed may be defined as:

A6
=—"(rad/sec 6-1
=" (rad/sec) (6-1)
Where A@ isthe angular displacement and At is the time taken to complete the displacement.

It is necessary to identify variance in speed within a revolution to diagnose faults and monitor
condition. Therefore, these applications require devices which can produce more than one
pulse for each revolution: for example, optical encoders and magnetic pick-ups are suitable,

among other possible approaches

In this work, the IAS are measured using an optical encoder which is placed on the rotor end.
The encoder’s working principles are presented in Figure 6-1 (a). It uses a single Light
Emitting Diode (LED) mounted on a slotted wheel and photo detector pair that generates

pulses with the turning of the wheel; and the speed of an object can be calculated by measuring
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the pulse duration Ay (i.e. elapsed time or time span for a pulse i) between successive pulses
[148].
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Figure 6-1 (a) Encoder principle and (b) operations of measuring elapsed time

Assuming that, M is the encoder pulses in one revolution, {, (in seconds) be the clock cycle
duration, NC be the value of clock cycles in one speed pulse is given by and one unit of angular

distance is 27z/M (rad ), then the IAS in rad/sec can be calculated as [160]:

27
IAS =———(rad/sec 6-2
Ao (rad/sec) (6-2)
Where At is the time interval of the given speed pulse and it is equal to N {,
Also, Suppose the clock frequency is fc, the IAS then recasts in revolutions per minute

(rev/min) as [148]:

60 f .
IAS = £ (rev/min -
Ny (rev/min) (6-3)

c
Traditional encoders have been used for a long time in industrial settings to monitor machine
performance and for fault detection. However, these sensors are usually expensive, not suitable

for isolated environments and their installation is difficult. Therefore, many researchers have
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tried to use MEMS sensors, which are low-cost, small in size and easy to install, as an

alternative to encoders [161].

6.2.2 Selection of Sensor

The signal from angular speed sensor represents the connection between angular displacement
and time. A wide range of rotary sensors (rotary encoders) is commercially obtainable to
achieve such function. The choice of a suitable encoder for a specific application is generally
made according to the following factors; encoder resolution, accuracy, environmental
suitability (temperature, humidity and magnetic effect), cost and sensor installation
convenience [148]. Rotary encoders are classified by sensing technology used to convert the
rotary position information of the rotating machine into a corresponding electrical signal. On
the basis of sensing technology, commonly-used sensors are optical encoders, magnetic
encoders and Hall effect sensors[162].

Considering the design principles of the rotary encoder is essential to ensure that a suitable
encoder is chosen for each application [163]. For applications where a higher resolution and
accuracy are required, the basic design principles of optical encoders are the best amongst all
design principles. However, magnetic encoders can be used in a broad variety of conditions
with regard to temperature and installation tolerance. These are not sensitive to dust and can
provide excellent performance in harsh environments [148].

It is possible to install non-contact or contact sensor equipment based on the approach used.
However, contact sensor equipment must be carefully installed to avoid sensors being
misaligned or eccentrically positioned. In comparison, non-contact sensors achieve extremely
reliable measurements, have a longer mechanical lifespan, can tolerate axial movement well

and are appropriate for applications with electrical isolation [148].

6.3 1AS Measurement Based on the On-rotor MEMS Accelerometer

As explained in Chapter Three, the measured signal using 3-axis on-rotor MEMS
accelerometers contains the required rotor dynamic information and projected gravitational
accelerations, which can be successfully removed using the method proposed in Chapter

Three. The pure tangential acceleration signal can be calculated as:
a :Z?]o:lnrwoAn cos(na)ot+¢n) (6- 4)
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The IAS can then be computed by finding the integration of tangential acceleration signal @, :
IAS = —— j a, dt (6-5)

where r denotes the distance between the accelerometer and the centre of the wheel.

6.3.1 Wireless Sensor Node

As mentioned in Chapter Four and illustrated in Figure 6-2, a wireless sensor node is mounted
on the compressor flywheel to measure on-rotor acceleration. It is constructed basically with
an ADXL345 MEMS accelerometer to measure the on-rotor acceleration signals, a low power
microcontroller (MCU) to read the data and a BLE module used to send the measured data
wirelessly to a remote computer for post signal processing. A 270 mAh lithium battery is used

to power the sensor node [14].

g,

Sensor Unit <« > processing Unit _| Wireless Transmitter
(ADXL345) 9 “— (Bluetooth Module)

A A A

Power Unit
(Lithium Battery)

Figure 6-2 Transmitter circuit schematic

6.4 Comparison Study of IAS from Encoder and Wireless Accelerometer

The signals obtained from both an optical encoder and wireless MEMS accelerometer are
processed as explained in Sections 6-2-1 and 6-3 to extract IAS signals in the time domain.
Figure 6-3 illustrates the procedures used to extract 1AS signals. This chapter benchmarked

and confirmed the wireless accelerometer signals for future fault detection and diagnosis.
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Figure 6-3 IAS extraction block diagram

6.4.1 Test Rig Setup

To confirm the performance of the wireless accelerometer sensor, a compression experimental
study with incremental encoder was performed on a two-stage, single acting Broom Wade
(Model TS9) reciprocating compressor, which is driven by a three phase 2.5 kW induction motor
KX-C184. As shown in Figure 6-4, an incremental shaft encoder, R132, is installed on the end
of the flywheel to measure the IAS. As explained in Chapter Four, the encoder provides two
outputs: 100 electrical pulse trains per revolution; and one pulse per revolution, known as the
index signal. Besides, a MEMS accelerometer, ADXL345, is attached directly to the flywheel

to measure the on-rotor acceleration.

Figure 6-4 Schematic of a 2-stage reciprocating compressor along with the installation of ()

MEMS accelerometer, (I1) microcontroller board and (111) optical encoder
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6.4.2 Test Procedure

For the testing period, ADXL345 is set for operation within a £16g dynamic range at a 200 Hz
sampling rate. This enabled the characteristics of the dynamic rotor to be measured
sufficiently. The collected data then transmitted remotely to a host computer using BLE
protocol. Measurements were also taken for encoder and tank pressure, and data for this was

acquired using a CED 1401 system at a 49019 Hz sampling rate.

Overall five data sets were taken across a range of conditions for the compressor, including
healthy state as the baseline and investigating four conditions of fault. These faults were
produced when the reciprocating compressor was made with different common compressor
faults. The measurements were taken for intercooler leakage (IC), second stage discharge valve
leakage (DVL), discharge valve leakage on the high pressure cylinder combined with
asymmetric stator winding of the motor (DVL+ASW), and intercooler leakage combined with

asymmetric stator winding of the motor (IC+ASW).

6.5 Results and Discussion

Figure 6-5 displays the periodic wireless sensor outputs in both X- and Y- axes as well as their
frequency spectrums when the tank pressure reads around 80 psi. From these frequency
spectrums, it can be seen that the peak value is at about 7.4 Hz, which is actually the
compressor speed as explained in Chapter Five. By combining the accelerations signals
measured by wireless MEMS sensor in X-axis and Y-axis using the method proposed in
chapter Three, the pure tangential acceleration signals can be reconstructed as shown in
Figure 6-6.

It is clear that the main components are the fundamental frequency and next three consecutive
harmonics that composes the tangential acceleration. The amplitude corresponding to the
fundamental frequency component is the largest when compared with the other harmonics,
wherein the third harmonic component shows a higher values in contrast to its second and
fourth counterparts. This reflects general description of the crankshaft dynamics caused by
contributions from reciprocating inertia and air pressure perturbations within the reciprocating

compressing system.
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Figure 6-6 Tangential acceleration at conditions of tank pressure at 0.55 MPa or 80 psi; (a)

temporal domain and (b) frequency domain.
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To establish whether the presented features generally implement the dynamic characteristics,
Figure 6-7 shows reconstructed signals for various tank pressure levels. From this, linear
correlations are observed for fundamental frequency, third and fourth harmonics with pressure
over the entire of its range. This is a result of the torque induced by pressure. Meanwhile, the
second harmonic correlates in a non-linear mode with pressure, demonstrating torque impact
because of the inertia of the reciprocating mass. Further, the amplitudes of the fundamental

and third harmonic are comparatively high, allowing sequential pressure alterations to be

distinguished.
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Figure 6-7 Spectral mode representation of tangential acceleration under tank pressures
condition ranging from 0.14 MPa or 20 psi to 0.83 MPa or 120 psi, (a) as a waterfall plot;
amplitude of (b) fundamental frequency; (c) 2@ harmonic; (d) 3" harmonic and (e) 4™
harmonic
To verify the reconstructed signal, the multiple pulse signal from the encoder is also computed
using the method explained in Section 6.2.1 and then the IAS of the compressor flywheel is

obtained and presented in Figure 6-8.
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Speedi rpm)
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Figure 6-8 IAS signal (in time domain) calculated using optical encoder

Besides, an integration operation is performed on the obtained tangential acceleration by the

wireless MEMS accelerometer so as to get the alternating IAS signal. The both computed IAS

signals are compared and presented in Figure 6-9 in both time domain and frequency domain.

It can be seen that the IAS signals from these two sensors have good match in amplitude and

waveform shape besides having very similar frequency components.
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Figure 6-9 Comparison from the wireless sensor and encoder. (a) wireless sensor time domain,
(b) wireless sensor frequency domain, (c) encoder signal time domain, (d) encoder signal
frequency domain

127



Investigation of Dynamic Responses of On-Rotor Wireless Sensors for Condition Monitoring of Rotating Machines

Moreover, the 1AS obtained using the encoder is used to calculate the tangential acceleration
by differentiate the 1AS and a compression between this signal and the reconstructed one is

shown in Figure 6-10. This verifies the accuracy of the reconstructed signal obtained from

wireless accelerometer.
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Figure 6-10 Tangential acceleration comparison from the wireless sensor and encoder. (a) wireless
sensor temporal domain, (b) wireless sensor frequency domain, (c) encoder signal temporal domain,
(d) encoder signal frequency domain
To classify the compressor condition using the reconstructed tangential acceleration, the
harmonics changes with discharge pressure for all test conditions are presented in Figure 6-11.
It is evident that the amplitude from fundamental and 3™ harmonic frequency components
show a linearly increasing tendency with the tank pressure from 0 to 0.82 MPa (120 psi).

Therefore, these two components may further be used in condition classification.
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harmonic and (d) 4™ harmonic of the reconstructed acceleration signal plotted against the tank

pressure

Figure 6-12 (a) presents the relationship of the 3" harmonic with the fundamental frequency

component for pressure reading of tank varying between 60 psi and 120 psi (from 0.41 MPa

to 0.83 MPa). Thereafter, the faulty conditions are classified in Figure 6-12 (b) based on the

fundamental frequency and the 3™ harmonic component. It is clear that the intercooler fault
(ICL), the discharge valve leakage fault (DVL) and both combined faults (IC+ASW,
DVL+ASW) can be successfully isolated from the baseline condition (BL). Furthermore, the
residual of DVL related fault, i.e. DVL and combined fault (DVL+ASW), is positive whereas
that of ICL related fault, i.e. ICL and combined fault (ICL+ASW), are negative. In addition, it

can also be seen that the effect of the combined fault in both cases is clearly evident while the

combined fault makes the residual more deviated from the boundaries.
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Figure 6-12 Plots of fault signal classification for (a) 3" harmonic against fundamental frequency

(b) residual against fundamental frequency

6.6 Summary

In this chapter, a performance test of a wireless MEMS accelerometer is carried out for
different frequent faults appearing in a reciprocating compressor. The measured signals of
the wireless sensor are compared with signal obtained from a traditional optical encoder. The
experimental results demonstrate that, acceleration signals from the wireless sensor and the
encoder are similar and there is a very good matching in both waveform and spectrum,
proving that the reconstructed tangential acceleration from on-rotor accelerometer is accurate
and reliable. Furthermore, a remote condition monitoring and common fault diagnostic for a

reciprocating compressor can be achieved by using only one MEMS accelerometer.
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CHAPTER 7 INVESTIGATION OF TWO APPROACHES
TO THE CANCELLATION OF GRAVITATIONAL
ACCELERATION BASED ON THE MONITORING OF RC
CONDITIONS

This chapter presents an experimental comparison results between two varieties of methods
which may be utilised to get rid of the gravitational acceleration from the on-rotor
accelerometer outputs and to characterize the rotor dynamics precisely. The first method uses
one MEMS sensor, in which the true tangential acceleration signals are obtained using both
orthogonal outputs of MEMS accelerometer mounted on the reciprocating compressor
flywheel, discussed earlier in Chapter 3. In the second one, two MEMS sensors were installed
diametrically in opposite direction to each other on the rotating part enabling the projected
gravity signal to be eliminated by adding the acceleration outputs from both accelerometers.
Experimental results show that both methods can be successfully used to remove the projected
gravitational accelerations, and the conditions of reciprocating compressor can be effectively

identified using the tangential accelerations.
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7.1 Introduction

As MEMS accelerometers measure the dynamic vibration as well as the gravitational
acceleration, the rotor dynamic measured by the sensor is influenced by the gravity which
increase the output amplitudes by 1g. This undesirable signal should be removed at any cost
so that the rotor dynamics characteristics can be precisely calculated. Based on the calculation
given in Chapter three, both gravitational acceleration and tangential acceleration, sensed by
the Ax3 installed on the compressor flywheel, can be presented in the time and frequency
domain and shown in Figure 7-1. From this figure, we note same frequency components for

both signals, which indicates that these signals cannot be separated using a low-pass filter

[153].
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Figure 7-1Accelerations measurements (a) tangential acceleration and gravity signal projected

on Y-axis g, in time domain (b) frequency components

To utilize the dynamic rotor measurements for machinery condition monitoring, the effect of
the gravitational acceleration should be removed. This chapter compares between two methods

employed to eradicate the gravitational acceleration effect to obtain the accurate information

regarding the rotor dynamics.
132



Investigation of Dynamic Responses of On-Rotor Wireless Sensors for Condition Monitoring of Rotating Machines

The first method uses one MEMS sensor in which the tangential accelerations signals are
reconstructed using both orthogonal outputs from MEMS accelerometer attached to the
flywheel of the reciprocating compressor. In the second method, two MEMS accelerometers
were installed at diametrically extreme positions on the flywheel enabling the gravitational
acceleration effect to be removed by adding the acceleration signals from the both

accelerometers.

7.2 Gravitational acceleration cancellation using two MEMS sensors

The first method was explained in Chapter three, thus this Chapter will explain the second one.
As shown in Figure 7-2, this method uses two tiny MEMS sensors to eliminate the projected
gravity from on-rotor MEMS accelerometer. The pure tangential acceleration can be obtained
after removing the gravitational acceleration by adding the Y-axis signals from both the
on-rotor accelerometers [100].

AT X

Figure 7-2 Acceleration analysis of two mass (A and B) rotating around point O [153]

From Figure 7-2, the signals measured by sensor Al in the direction of both the
X-axis (horizontal) and Y-axis (vertical) can be written as [153]:
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ay, =—a,+0,=—-a,+9gsinéd

ay, =& +0,=a +gcosd (1)

Similarly, for sensor A2,
a,,, =a.+0,=a,+gsind
Apyy =3 — 0, :at_gcose
From Equations (7-1) and (7-2), it is clear that gravity effect can be found in both MEMS

(7-2)

accelerometers outputs, but these undesirable signals can be simply eliminated by summing

Auyand 3,y , given:

Apy T appy = 23, (7-3)
Consequently, the pure tangential acceleration can be calculated as:

aAly + a‘A2y

ET (7-4)

From Equation (7-4), it can be confirmed that the true tangential acceleration can be calculated
by adding the two accelerometers outputs signals that measured in the tangential directions.
Although this method is very simple, however, it has some disadvantages that should be taken
into consideration. Firstly, it is not trivial to mount the MEMS sensors precisely in the required
positions; in the second place, this method is more expensive and finally, the sampling rates
for the two MEMS accelerometers may be different resulting in necessary post-processing of
the signal. For the testing period, both accelerometers were configured for operation within a
+16g dynamic range at a sampling rate of 1600 Hz. However, after collecting the acceleration
data and calculating the actual sampling frequencies it was found that neither of the two sensors
had a sampling rate at the specified one, 1600Hz. The sampling rates of the two AX3 data
logger sensors were found to be closer to 1590 Hz and 1610 Hz, respectively.

To be able to use two MEMS accelerometers method to eliminate the gravity effect, the

sampling rate should be corrected using the process shown in Figure 7-3.

| Time synchronisation \]:")l Fixed-size framing I:D Resampling

Figure 7-3 MEMS sensor sampling rate correction steps
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1- Synchronise the data collected by both sensors at the same time;
2- Divide both Ax3 data sets into numerous frames;

3- Finally, resample the accelerometers’ data based on the frames [153].

Assuming that the first AX3 sensor and the second one have independent errors AA and AB
correspondingly, then the overall error generated from adding both sensors’ data can be

expressed as [164]:
TE =J(AA)’ +(AB)’ (7-5)

where TE indicates the total error of the method used to obtain the tangential acceleration.

7.3 Test Rig Facility

In this experimental comparison, a reciprocating compressor, shown in previous chapter, was
used as a case study to evaluate the effectiveness of two MEMS sensors method in obtaining
pure tangential acceleration for machine condition monitoring and compare the findings with

that obtained using one sensor.

Figure 7-4 MEMS accelerometers installation on the reciprocating compressor flywheel

As shown in Figure 7-4, two AX3 data logger sensors are mounted diametrically in opposite
direction on the flywheel of the reciprocating compressor at a distance of 50 mm from the
flywheel centre allowing the measured acceleration signals to be within the dynamic range

(x169) of the sensors.
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7.4 Test Procedure
For the testing period, both AX3 was set for operation within a £16g dynamic range at a

1600 Hz sampling rate. This enabled the characteristics of the dynamic rotor to be inspected
adequately. Simultaneously, measurements were also taken for tank pressure, and data for this
was collected using a CED 1401 system at a 49019 Hz sampling rate. Two different datasets
were acquired across a range of conditions for the compressor, to evaluate the performance
contrast in both methods. First set of data is healthy (BL), having been collected while the
reciprocating compressor was operating normally without any faults. The second data were
collected from a leaky system produced in the piping that transports the processing air to high
stage from the low stage. In high stage, the fault was simulated by loosening the intercooler

by rotating the nut through one revolution.

7.5 Results and Discussion
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Figure 7-5 The 1%t On-rotor MEMS acceleration measurements and their spectra at pressure of
0.55 MPa (around 80 psi): (a) signal measured at X-axis and (b) signal measured at Y-axis
Figure 7-5 displays a representative set of the sensor’s outputs for the first sensor in the
direction of X- and Y- axes with their spectra when the compressor was operating

approximately at 0.55 MP (80 psi), while Figure 7-6 presents the outputs of the second MEMS
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accelerometer, measured in the direction of both X and Y axes with their spectra at the same

pressure.
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Figure 7-6 The 2" On-rotor MEMS acceleration measurements and their spectra at pressure of
0.55 MPa (around 80 psi): (a) signal measured at X-axis and (b) signal measured at Y-axis
Figure 7-7 presents the tangential acceleration signals calculated by both methods. From this
figure, it is noticeable that both acceleration signals show a good matching in terms of general

waveform shape, amplitude values and frequency components, hence verifying the reliability

of these two methods.

137



Investigation of Dynamic Responses of On-Rotor Wireless Sensors for Condition Monitoring of Rotating Machines

a b
1 :( ) 1 i T ( )| T
=005 c ' |
- s
= 2
= =
205 <.0. ,
-1 . -1 r : : :
1 1.5 2 1 1.2 14 1.6 1.8 2
Time (Second) Time (Second)
0.4 ' ! : : 0.4 ' ' ! !
L ] . ——,—— o
3z : 5
= 02} SECCRRPEE dseeeees Rt =
= 1 =
2 0.1f-- Aeennneen F S E STTRRRS Z
40 50 ] 10 20 30 40 50
Frequency (Hz)

O Al
0 10 20 30
Frequency (Hz)
Figure 7-7 True tangential acceleration signals measured at tank pressure of 0.55 MPa (80 psi)

and their spectra: (a) One MEMS method (b) Two MEMS method

To illustrate the comparison of the compressor conditions using tangential accelerations
measured using the both methods, the changing of harmonics amplitude against the tank
pressure for healthy case and intercooler leakage condition is shown in Figure 7-8 and

Figure 7-9.
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Figure 7-8 The amplitude of the tangential acceleration harmonics against tank pressure:
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Figure 7-9 The amplitude of the tangential acceleration harmonics against tank pressure

(a) fundamental, (b) second, (c) third and (d) fourth harmonics for two MEMS method
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From the above figures, the linear correlations are observed for fundamental frequency, third
and fourth harmonics with pressure range from 10 to 120 psi indicating that those components
can be useful for further classification of the compressor conditions. Figure 7-10 (a) depicts
the relationship between the third harmonic amplitude and the fundamental frequency
component for the tank pressure within a broad range of 60 psi-120 psi (from 0.41 MPa to
0.83 MPa). Thereafter, the intercooler leakage fault condition is classified in Figure 7-10 (b)
based on the fundamental frequency and the residual. It is clearly shown that the intercooler

fault (ICL) can be well isolated from the baseline condition (BL).

7.6 Summary

This chapter compares two different methods used to remove the gravitational acceleration,
which is combined with the dynamic information, allowing the pure tangential acceleration to
be obtained and used for monitoring the condition of rotating machines. Both the methods
depict a favourable match in waveform shape, amplitudes and frequency contents of the
tangential acceleration signals obtained from these methods. However, in case of efficiency
with lower error range, one MEMS sensor method is found to be more effective over the two
sensor method.
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Figure 7-10 Plots showing fault classification: (al) 3rd harmonic against fundamental; (b1) residual
against fundamental frequency [one MEMS method]; (a2) 3rd harmonic against fundamental; (b2)

residual against fundamental frequency [two MEMS method]
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CHAPTER 8 PLANETARY GEARBOX FAULT
DETECTION AND DIAGNOSIS USING AN ON-ROTOR
ACCELEROMETER

This chapter studies the usage of an on-rotor MEMS accelerometer for the planetary gearbox
condition monitoring. It starts with the introduction and then the brief descriptions of test rig,
simulation of faults and test procedures are presented. The experimental results show that
acceleration signal in the tangential direction measured on the low-speed input shaft of a
planetary gearbox can clearly indicate faults and this method has actually outperformed the
vibration signal acquired by a conventional accelerometer, thus providing a reliable and

low-cost condition monitoring method for the planetary gearbox.
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8.1 Introduction

Planetary gearboxes have strong load-bearing capacity, large transmission ratio and high
efficiency of transmission [73, 74]. Due to these certain advantages, they are suitable for use in
heavy industrial applications, like drive trains of the helicopter, automotive and wind turbines.
But the complex structure of the planetary gearbox and their critical operating conditions can
cause failure to its own components which in turn results in major economic losses to the
industry. For that reason, to avoid such failures [80, 84], researchers developing an advanced
fault diagnosis method to monitor the condition of the planetary gearbox. A review on the
methodologies used for condition monitoring of planetary gearbox is presented in [80] and,
according to the study, most methods use the vibration signal measured by the fixed type
accelerometers mounted on the gearbox housing for the fault diagnosis of planetary gear box.
For a planetary gear set, the vibration signal collected by the fixed accelerometer contains

information from different sources containing the planet gears, sun gear, and the ring gear.

Lei et. al. showed that vibration signals can follow multiple transmission paths from its source
to the accelerometers mounted on the gearbox casing which are time-varying in nature [80]
and depends on the revolution of the carrier. These transmission paths may effect the acquired
signal from the faulty components through interference and make the vibration signal for a
planetary gear set more complicated [165]. Thus, the measured vibration signal sensed by a
fixed accelerometer have a complex nature, which makes the conventional vibration-based

planetary gearboxes fault detection and diagnostic techniques a challenge [93].

This problem can be solved by installing an accelerometer on the rotating shaft directly instead
of installing it on the gearbox housing so that it can provide a good dynamic response from the
rotating parts [96, 97] maintaining a constant distance from the accelerometer to the rotating
planet gears. The revolutionary developments in MEMS technology, has made it feasible to
install a low-cost MEMS accelerometer directly on the rotating shaft to obtain the dynamic
response which can be useful for the fault diagnosis of rotating machines [97]. Thus, making it

a good alternative to an expensive conventional accelerometer.
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This chapter concentrates on a novel method for the planetary gearbox condition monitoring
in which a tiny on-rotor MEMS accelerometer has been installed on the input shaft to obtain

an accurate measurement of the machine dynamic characteristics.

An analytical model for the on-rotor vibration measurement process is derived. A cross section
of a shaft, shown in Figure 8-1, is referred to install the sensor S, and the centre of the shaft is
at C.

u L

b

Figure 8-1 On-rotor vibration measurement geometry

\ A

The shaft revolves in an inertial frame X-Y with the angular speed of @ and has a translational

movements x and y along X and Y axes respectively. A frame u-v that is rotating has the

same origin that of inertial one and is aligned along the straight line that connects the shaft
centre and the sensor S. The radial distance between the centre of the shaft and the sensor is

represented as r. The outputs of the sensor are as follows:

Ui=—Xsind+ ycosd+ar+gcosd (8-1)

V=%cos+ysind+w’r+gsing ©2)
Where 0=t = (a, +@,)tis the angular displacement of the sensor.

The sensor output is the combined result of the superposition of translational and rotational

motions and is very sensitive to the abnormal events. These outputs have the dependency on
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the rotating speed and the straight line distance between the rotating shaft and the MEMS

accelerometer. The closer the distance is the higher the translational motion will be.

8.2 Experimental validation
8.2.1 Test Rig-Setup

Figure 8-2 and 8-3 show a schematic diagram of the test rig for planetary gearbox used in this

experimental study.

T
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.

Figure 8-3 Planetary gearbox test rig and
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It mainly comprises a 3-phase induction motor with 11 kW 1465rpm rating, a two-stage helical
gearbox, a DC generator for providing load to the gearbox, a planetary gearbox manufactured
by STM Power Transmission Ltd and two flexible tyre couplings.

The running state of the planetary gearbox was monitored using on-rotor MEMS
accelerometers. The input shaft of the planetary gearbox was driven by an induction motor,
the speed of which it was regulated by a speed controller with a maximum speed of
40% ~ 584 rpm. This suggests that the input speed to the planetary gearbox was reduced to
159 rpm by the helical gearbox, with a ratio of 3.667 and thereafter the speed was again
increased to 1144 rpm by the planetary gearbox with a ratio of 7.2.

As shown in Figure8-3, the accelerometers are fixed diametrically opposite to each other on
the low speed input shaft of a planetary gearbox and close to the centre to record the on-rotor

acceleration signals.

8.2.2 Fault Simulations

In this study, two different areas of damage were simulated in both the sun and planet gears in
order to simulate the real faults in the mechanism during operation. Figure. 8-4 shows the
damage in the sun gear produced by removing around 60% of the gear tooth face along the
width, whilst the damage created in the planet gear by removing parts of the tooth is also

presented in Figure 8-5.

Figure 8-4 Sun Gear Tooth Fault simulation
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Figure 8-5 Planet Gear Tooth Fault simulation

8.2.3 Test Procedure

For the testing period, both AX3s were set for operation within a £16g dynamic range at a

1600 Hz sampling rate. This enabled the characteristics of the dynamic rotor to be inspected
adequately. The acquired data were stored in a memory compacted in AX3 data logger during
planetary gearbox run-time, and thereafter are transferred to a computer for post-processing
once the system is shut down. In this experimental work, three different datasets have been
acquired to evaluate the performance of the MEMS accelerometers. The first data was collected
in healthy condition (BL) with no faults occurred in the system. The other groups of data were
acquired from the system with a damage produced on the sun gear and planet gear teeth. For
each condition, the test was performed under input speed of 439.5 rpm, which is 30% of the
full speed of the AC motor, and under five different load conditions, including zero load and
25%, 50%, 75%, 90% of the full load.

8.3 Results and Discussion

Figure 8-6 shows the signals obtained from the both MEMS sensors and their spectra in
frequency domain at 30% of its maximum speed under 90% of its full load capacity when the
system was running under healthy condition. The effect of gravitational acceleration can be
removed by introducing a new parameter called tangential acceleration, which is the

summation of the measured signals presented in Figure 8-7.
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Figure 8-6 X-axis filtered acceleration signals and its spectra with 90% load and 30% speed for
(a) Sensor 1 and (b) Sensor 2

From Figure 8-7b it is clear that the largest frequency component for tangential acceleration is
situated at about 2.067 Hz, which denotes carrier speed, (considered the fundamental

component of the low-speed input shaft).
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Figure 8-7 Tangential acceleration signal and spectra at 30% speed and 90% load
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In the meantime, the low frequency spectra of the tangential acceleration measured at 30%
speed with different loads for the sun fault and planet fault cases are presented in Figure 8-8
and Figure 8-9 respectively. We note from the figures that the amplitudes of low frequency
spectra are affected by the damage and the amplitudes of many frequency components such as
fsr and for has become higher which indicates that such frequencies can be used to denote the

sun and planet gears fault.
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Figure 8-8 Spectrum in the low frequency range for the healthy and sun fault cases at 30%
speed
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Figure 8-9 Spectrum in the low frequency range for the healthy and planet fault cases at 30%

speed

To investigate the sun gear and planet gear faults more precisely, the high frequency range of

the spectrum of the tangential acceleration at 30% speed with different loads are presented in

Figure 8-10 and Figure 8-11.

In both cases, the amplitudes of the harmonics around the meshing frequency (fm) are generally
higher than that of the low frequency range sections. From the literature review it has been
found that the high frequency spectra analysis of the vibration signals has been reported by
many researchers and most of these studies have concluded that sideband signals around the
39 harmonic of the meshing frequency can be effectively used to indicate different faults. From
Figure 8-10 and Figure 8-11, it is noticeable that the sidebands amplitudes around the 3"
harmonic of the meshing frequency higher compared to the 1% and 2" harmonics. The

sidebands around the 3" harmonic of the meshing frequency are analyzed and some distinctive
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peak components have been found that can be useful for the fault diagnosis of planetary gear
box. For example, 3fm+frc, 3fn+2frc, 3fm-fst, 3fm+fsr, 3fm-fst, + fre, and 3fm+fsr, + frc could be useful

to indicate the sun gear fault, whilst, 3fm-3fpr, 3fm+10fpt, and 3fm-6fpr -frecan successfully indicate

the planet gear fault.
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Figure 8-10 Spectrum in the high frequency range for the healthy and sun fault cases
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Figure 8-11 Spectrum in the high frequency range for the healthy and planet fault cases

To evaluate the on-rotor MEMS accelerometer performance, a conventional accelerometer
was also installed on the gear housing to measure the overall vibration signals. The
performance of the on-rotor MEMS accelerometer deployed on the planetary gearbox is
investigated by examining the peak values at the corresponding characteristic frequencies for
planetary gearbox. Figure 8-12 shows the amplitude change of the vibration signal at fs+ with
the load for both data acquired by AX3 and fixed accelerometer. From this figure, it can be
seen that the amplitudes at fss of the planetary gear with sun gear fault at different load
conditions are higher than that of the healthy planetary gearbox which implies that this feature
can be used to indicate the sun fault. However, the fixed accelerometer cannot indicate the

fault at the load of 50%.

The harmonic sidebands around the 3™ meshing frequency were also examined and some
distinctive peak components were found and could be used for fault diagnosis. The amplitudes
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of 3fpm-frs, 3fpm+frs, 3 fpm+fsf, and 3fpm-fsf changing with the load are presented in
Figures 8-13, 8-14, 8-15 and 8-16. It is noticeable that the sun gear fault can be clearly

indicated providing an accurate, cheaper and reliable method for planetary gearbox condition

monitoring.
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Figure 8-12 Amplitude of acceleration signal at the sun gear fault frequency vs. load (a) Fixed
accelerometer and (b) MEMS
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Figure 8-13 Amplitude of acceleration signal at 3fy,m+frs frequency vs. load (a) Fixed

accelerometer and (b) MEMS
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The analysis of the performance-data obtained from the on-rotor MEMS accelerometer
attached on the planetory gearbox can be investigated by the corresponding peak values at the
characteristic frequencies in low range of the gearbox. Figure 8-16 represents the sun gear fault

frequency amplitudes whereas Figure 8-17 shows its 2nd harmonic with the change in

percentage load. From the analysis it can be seen that the fault frequency amplitudes at f; and
2f are higher than the healthy sun gear of the planetary gearbox, thus making the method

suitable to find out the sun gear fault from the gearbox system.
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Figure 8-16 Amplitude of acceleration signal at the sun gear fault frequency vs. load
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Figure 8-17 Amplitude of acceleration signal at the 2nd harmonics of sun gear fault
frequency vs. load

A new feature parameter for the condition monitoring of planetary gear box is introduced by

measuring the average of the sun fault frequency and its 2"* harmonics.

A, = At ';AZfsf (8-3)

where Ay, A are the amplitudes of the sun gear fault frequency and its 2" harmonic

respectively. Asun is the average value of both amplitudes.
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Figure 8-18 Average amplitude for sun fault under different loads

Figure 8-18 represents the average spectral value Aavg for the healthy condition and the faulty

conditions with the breakage of the tooth in sun gear. From the figure it can be found that both
the conditions can be seperated successfully.

To figure out the impact more closely in the planet gear, the planet fault frequency and its 2nd
harmonics are presented against the various loads in Figure 8-19 and Figure 8-20 respectively.

The analysis results show that these two peaks can successfully diagnose the health conditions

of the planet gear in the plantary gearbox system.
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Figure 8-19 Amplitude of acceleration signal at the planet gear fault frequency vs. load
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frequency vs. load
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Similar to the sun gear fault case, the proposed new parameter is also applied for the
monitoring of planet gear fault in the planetary gearbox. This time the average spectral value
presented in Equation 8-4 is obtained by calculating the average of the planet gear fault

frequwncy and its 2" harmonic.

Biot + Boor
Bplanet =— 2 : (8'4)

where prf , B2fpf are the amplitudes of the planet fault frequency and its 2nd harmonic

respectively. By, is the average value of both the frequency amplitudes.
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Figure 8-21 Aveage amplitude for planet fault under different loads
Figure 8-21 represents the average spectral value Ba\,g for the healthy condition and the faulty

conditions with the breakage of the tooth in planet gear. From the figure it can be found that

both the conditions can be seperated successfully.

The experimental results show that the acceleration measurement sensed by on-rotor MEMS
accelerometer outperforms the vibration results obtained by the fixed accelerometers, which
makes the proposed on-rotor method a good alternative for the fixed accelerometer used in

monitoring the condition of the planetary gearboxes.

8.4 Summary

This chapter has introduced a novel method for planetary gearbox condition monitoring and
fault diagnosis. It is based on MEMS accelerometers mounted on the shaft to collect the on-
rotor dynamics. Based on the findings, the on-rotor accelerations signal can clearly indicate

both faults seeded in this work. Moreover, from the comparison results obtained from the fixed
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accelerometer and AX3, it is noticeable that the on-rotor acceleration measurement
outperformes the vibration acquired by a conventional accelerometers, which clearly indicates
that the on-rotor method could be a good and cheap alternative for the fixed accelerometer

used for planetary gear box condition monitoring.
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CHAPTER 9 CONCLUSION AND FUTURE WORK

This chapter summarizes the significant outcomes from the study and draws inferences based
on the results presented in this thesis. It gives a brief summary of the contributions to the
knowledge achieved by the research. Finally, several recommendations are suggested for the

future work on the usage of a wireless MEMS accelerometer as an on-rotor accelerometer.
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9.1 Review of Aim, Objectives and Achievements

This chapter begins with a description of the achievements and novel contributions to the
knowledge gained from this work. The target of the research is to use wireless MEMS
accelerometer for the machinery condition monitoring and fault diagnosis. The central

outcomes of the work are presented below in the same sequence appeared in Section 1.5.

Objective one: To review the popular condition monitoring techniques used in industrial
environment and to find an efficient method to monitor the health grade of both the
reciprocating compressor and the planetary gearbox.

Achievement one: Some techniques used for machinery condition monitoring have been
investigated in chapter one. From this review, it has been found that the vibration is one of the
most common techniques employed in the industrial environment due to its susceptibility to
the abnormal machinery conditions, providing a reliable way to find the faults at an early stage.
Objective two: Review of the MEMS technology and the availability of the accelerometers
that can be used for on-rotor measurements based on that technology.

Achievement two: Information provided in chapter three explained the benefits of MEMS
technology and its feasibility in easy monitoring of the rotating machine by mounting a tiny
wireless MEMS sensor directly on the rotor has been demonstrated. In this work, ADXL345
is selected to measure on- rotor accelerations because of its small size and cost effectiveness.
It also has an advantage of measuring three acceleration inputs along the Cartesian coordinates.
Objective three: Investigate the different wireless protocols that can be used in wireless
condition monitoring and study the merits and demerits of the each protocol. Also define how
to select a suitable protocol for various applications.

Achievement three: The investigation shown in chapter three explains that the different
protocols have been designed for wireless communications to meet unique requirements
needed in various applications. Considering WSN applications, the most applicable standards
are IEEE802.15.1 and IEEE802.15.4. Meanwhile, industrial machinery runs in a harsh
environment for, and the difficulties involved in this environment need to be taken into account

when selecting the best data transmission approach.
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Objective four: Study the mathematical model of the rotating acceleration and develop a
signal processing method to extract the true tangential signal by eliminating the effect of
gravity signal in the rotor dynamics.

Achievement four: Chapter three provides the basic information about the acceleration
signals measured from the on-rotor MEMS outputs and its mathematical model. A novel
method based on Hilbert Transform has been introduced to remove the gravitational
acceleration.

Objective five: Benchmark the performance of the reconstructed signals for the condition
monitoring of rotating machines.

Achievement five: For performance evaluation of the reconstructed signals, an experimental
work was carried out on a two-stage reciprocating compressor. The findings presented in
chapter five show that the different health conditions of compressor can be efficiently
identified and the simulated faults can be diagnosed efficiently using an on-rotor MEMS
accelerometer.

Objective six: Achieve a remote condition monitoring technique for a reciprocating
compressor by using wireless MEMS accelerometer.

Achievement six: In chapter six, the data collection method was improved by bringing in the
wireless data transmission technique in which the BLE protocol was chosen to send the on-
rotor MEMS measurements.

Furthermore, a remote condition monitoring and common fault diagnostic method for the
reciprocating compressor has been proposed by using only one MEMS accelerometer.
Objective seven: Measure the IAS signal from the reciprocating compressor using an optical
encoder and compare the results with that obtained from the on-rotor MEMS accelerometer.
Achievement seven: The optical encoder was used to benchmark the on-rotor MEMS
accelerometer. From findings shown in chapter six, it is found that the IAS signal calculated
using the reconstructed tangential acceleration from the wireless MEMS sensor is similar with
the signal obtained from the traditional encoder and there is an explicit agreement in both
waveform and spectrum, giving evidence that the reconstructed tangential acceleration from
the on-rotor accelerometer is accurate and reliable.

Obijective eight: Comparison between the two methods used to eliminate the gravitational

acceleration projection effect.
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Achievement eight: The particulars of the one MEMS method has been discussed in chapter
three whereas the two MEMS accelerometers method has been presented in chapter seven. A
comparative study can be found from the results obtained by using these methods. At the end,
the one MEMS sensor method outperform the other method with lower error range though
both methods provide very similar results in term of waveform shapes, amplitudes and
frequency components.

Objective nine: Introduce a novel method for planetary gearbox condition monitoring by

measuring the acceleration signals with the help of MEMS accelerometer.

Achievement nine: A new method for planetary gearbox condition monitoring has been
suggested in chapter eight. It is based on the MEMS accelerometers installed on the shaft to
measure the on-rotor dynamics. Based on the experimental results, the on-rotor acceleration

signal clearly indicates the faults seeded in this study.

Objective ten: Evaluate the performance of the on-rotor measurement for planetary gearbox
condition monitoring by comparing it with the vibration based measurement obtained by a
conventional fixed accelerometer.

Achievement ten: From the comparison results obtained from the fixed accelerometer installed
on the housing and AX3 attached on the low-speed input shaft and presented in chapter eight, it is
confirmed that the on-rotor acceleration measurement outperformed the vibration based
measurement, which implies that the on-rotor method can be a good and cheap alternative for

the fixed accelerometer used for planetary gear box condition monitoring.

9.2 Conclusions

This study investigates the application of employing MEMS accelerometers for measuring
on-rotor accelerations. By employing this technique, it is possible to reduce the cost of the
condition monitoring and fault diagnostics for rotating machinery significantly. Based on the
investigations from the theoretical and experimental work achieved in this thesis, the following

key conclusions have been drawn:

1) This research introduces the mathematical model of the rotating acceleration and an
effective signal processing method is presented to extract the true tangential signal by
eliminating the effect of gravity signal in the rotor dynamics.
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2) Experimental results obtained from the data acquired by AX3 data logger sensor confirm
that the reconstructed signals can be effectively used to indicate different faults occurred in a

reciprocating compressor.

3) A performance test of a wireless MEMS accelerometer is carried out for different faults
simulated in a reciprocating compressor. The measured signals from the wireless sensor are

compared with the signals obtained from a traditional optical encoder.

4) The experimental results demonstrate that the acceleration signals from the wireless sensor
and the encoder are similar to each other and there is a very good matching in both waveform
and spectrum, indicating that the reconstructed tangential acceleration from on-rotor

accelerometer is accurate and reliable.

5) Furthermore, a remote condition monitoring technique for fault diagnosis of a reciprocating

compressor can be achieved by using a wireless MEMS accelerometer.

6) Based on the experimental results, by installing just one wireless sensor on the flywheel,
the different faults can be diagnosed over a wide operating pressure range which makes this

method very effective and efficient in wireless condition monitoring and fault diagnostic.

7) Based on the experimental results, the on-rotor acceleration signals can clearly indicate the
fault seeded in this work. Moreover, from the comparison results obtained from the fixed
accelerometer and AX3, it is noticeable that the on-rotor acceleration measurement
outperformed the vibration acquired by a conventional accelerometer, which means the on-
rotor method could be a good and cheap alternative for the fixed accelerometer used for the

planetary gear box condition monitoring.

9.3 Contributions to Knowledge

First Contribution: The mathematical model of on-rotor MEMS accelerometer and the
method used to take away the gravitational projection signals has not been studied previously.
Besides this obtaining the tangential acceleration useful for the condition monitoring of

rotating machines is the significant contribution.
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Second Contribution: The first and third harmonics of the tangential acceleration signatures
are sufficiently accurate to monitor the full operating range of a two cylinder reciprocating

compressor machine.

Third Contribution: The IAS calculation using tangential acceleration signals aquired by a
wireless MEMS accelerometer is reliable and accurate, compared to the conventional 1AS
measurement and this is a novel contribution for monitoring reciprocating compressor

condition.

Fourth Contribution: The fault detection and diagnosis of the planetary gearbox using
MEMS accelerometer produces more relaible diagnostic information, both the tangential and
centripetal accelerations from the on-rotor MEMS accelerometer on carrier shaft show the
higher signal to noise ratio (SNR) for monitoring a planetary gearbox with low rotational

responses.This has not been included in any previous research.

9.4 Recommended Future Work on Wireless MEMS Accelerometer

Recommendation 1:
In the current work, Lithium-ion battery is employed to power the sensor with the Bluetooth
module. This battery is rechargeable and can be used up to six months in the connection mode.

It will be really good if a wireless charger or harvesting can be implemented.

Recommendation 2:

Implementation of the reconstructed tangential acceleration from the sensor node and transmit

it to the wireless module with minimum bandwidth requirement.

Recommendation 3:

Investigation of the embedded schemes on the sensor nodes to perform IAS for the diagnostic

purpose.

Recommendation 4:

An application based on Android operating system might be developed to receive and display
the accelerations collected by the on-rotor sensor node. With the recent technological
development of smart phones or tablets, it could be the promising computation and

visualization platform for condition monitoring.
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Recommendation 5: The on-rotor MEMS accelerometer used in this work has three outputs
and only the signals in both tangential and radial (X-axis and Y-axis) directions have been
used to show machine conditions. More investigations could be carried out by examining the
on-rotor MEMS accelerometer output in Z direction or axil direction as it may give more
comprehensive information regarding to the dynamics of whole rotor system and hence more

accurate diagnostics.
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