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Executive Summary

Condition monitoring of rotating machinery is crucial in industry. It can prevent long term outages that
can prove costly, prevent injury to machine operators, and lower product quality. Induction motors,
often described as the workhorse of industry, are popular in industry because of their robustness,
efficiency and the need for low maintenance. They are, however, prone to faults when used improperly
or under strenuous conditions. Gearboxes are also an important component in industry, used to
transmit motion and force by means of successively engaging teeth. They too are prone to damage and
can disrupt industrial processes if failure is unplanned for. Reciprocating compressors are widely used
in the petroleum and the petrochemical industry. Their complex structure, and operation under poor
conditions makes them prone to faults, making condition monitoring necessary to prevent accidents,
and for maintenance decision-making and cost minimization [1].

Various techniques have been extensively investigated and found to be reliable tools for the
identification of faults in these machines. This thesis, however, sets out to establish a single non-invasive
tool that can be used to identify the faults on all these machines. Literature on condition monitoring of
induction motors, gearboxes, and reciprocating compressors is extensively reviewed. The time,
frequency, and time-frequency domain techniques that are used in this thesis are also discussed.
Statistical indicators were used in the time domain, the Fourier Transform in the frequency domain, and
Wavelet Transforms in the time-frequency domain. Vibration and current, which are two of the most
popular parameters for fault detection, were considered. The test rig equipment that is used to carry to
the experiments, which comprised a modified Machine Fault Simulator -Magnum (MFS-MG), is
presented and discussed.

The fault detection strategies rely on the presence of a fault signature. The test rig that was used allows
for the simulation of individual or multiple concurrent faults to the test machinery. The experiments
were carried out under steady-state and transient conditions with the faults in the machines isolated,
and then with multiple faults implemented concurrently.

The results of the fault detection strategies are analysed, and conclusions are drawn based on the
performances of these tools in the detection of the faults in the machinery.
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1. Introduction

1.1 Background to the Study

Induction motors, gearboxes, and reciprocating compressors are important devices used widely in
industry. Induction motors are used in pumps, conveyors, presses, packaging equipment, and machine
tools. Induction motors are favoured because of their durability, robustness, efficiency and low
maintenance. Many of these motors are operated using inverter drives which enables variation of the
motor voltage amplitude and frequency. Common faults in induction motors include the broken rotor
bar fault, bearing faults, stator winding faults and the bowed rotor faults. Statistical studies on the
occurrence of these faults in machines were done by [2], [3]. The findings of the surveys are summarised
in Table 1-1 below. The Motor Reliability Working Group of the IEEE-IAS (IEEE) and the Electric Power
Research Institute (EPRI) surveyed 1141 and 6312 motors, respectively.

Table 1-1 Fault occurrence possibility in induction motors [2], [3]

Studied by Bearing fault (%) | Stator fault (%) | Rotor fault (%) Others (%)
IEEE 42 28 8 22
EPRI 41 36 9 14

Gearboxes are also an important component in industry, used to transmit motion and force by means of
successively engaging teeth. They are ubiquitous in rotating machinery including heavy-duty industrial
machinery, automobiles, and conveyor systems. They too are prone to damage and can disrupt
industrial processes if failure is unplanned for. Some typical faults in gearboxes include misalignment,
cracked teeth, worn teeth, pitting, chipped and missing teeth [4]. A survey by [5] showed that almost
two thirds of gear faults are localised faults such chipped, missing, or fatigue induced fractures.

Reciprocating compressors are an important tool in refineries and chemical plants. They prevent
bottlenecks and increase production which is crucial in the current environment of global competition
and cost reduction [6]. Compressors are also susceptible for faults resulting from wear over time, and
from strenuous operation of the equipment. A survey by PROGNOST Systems in 2010 of 542 failure
events in 192 compressors from 62 different companies and in 80 different plants established valve
faults in compressors to be the most common failure mode [7]. Further details from the survey are
presented Table 1-2 below.

Table 1-2 Quantitative assessment of the damage histories of reciprocating compressors over 10 years [7]

Component | Occurrence (%)
Valves 29%
Piston rod 7%
Sensors 6%
Crosshead 5%
HydroCOM 4%
Piston rings 3%
Plunger 3%

Regardless of regular maintenance of each component, a certain level of wear cannot be avoided. This
wear mostly cannot be monitored with the naked eye over a long period which can lead to failures,
unexpected outages, injury and unanticipated financial losses. Potential costs for lost productivity



increase with the criticality of the fault on the component making it crucial to identify faults in their
early stages. Fortunately, most types of failures can be prevented by condition monitoring which
reduces downtime, increases productivity, and improves operational safety. This makes it important to
monitor the condition of each component throughout the operation.

Condition monitoring can be grouped into five different techniques, namely:

¢ Route-based monitoring: This involves intermittent recording of data with a handheld instrument,
and then trending this data to determine whether further analysis is required.

o Portable Machine Diagnostics: This involves the use of portable equipment to monitor healthy of
machinery using sensors that are usually permanently attached to machine, and portable data
acquisition equipment to read the data.

o Factory Assurance Test: This involves testing a finished product to see that it meets the design
specifications, and also to determine possible failure modes of the equipment.

e Online Machine Monitoring: This is the process of monitoring equipment during operation. Data
is acquired using embedded equipment and data analysis is performed externally to determine
maintenance scheduling.

¢ Online Machine Protection: This also involves the monitoring of equipment as it runs. However,
the data is captured and monitored using embedded equipment. Settings can be applied to enable
switching off of machinery when critical faults are detected.

1.2 Motivation for Research

There has been a lot of work done to determine reliable tools for fault detection in inverter-fed
machinery. These include analysis of oil analysis, temperature, acoustics, current, and vibration, which
is the most popular today [8]. Vibration analysis is common because of its proven ability to detect faults
early and its ability to determine over 60% of faults [9]. Both vibration analysis and MCSA are based on
frequency and time-frequency domain techniques.

Although vibrations are a reliable tool for condition monitoring of rotating machinery, it is sometimes
impractical to measure vibrations directly at the source. Motor Current Signature Analysis (MCSA)
provides an easily accessible parameter for analysis in the motor current which can provide a solution
to situations where vibrations cannot be measured on the motor, gearbox or loads that are connected
to the system. Current monitoring is non-invasive and allows for the implementation of both online
machine monitoring and online machine protection.

The focus of this study is to validate MCSA as a tool for detecting various faults on motorised systems by
considering the components separately before studying them as a system. Steady-state and transient
conditions are considered.

1.3 Objectives of this Study

The research presented in this thesis focuses on the detection of electrical and mechanical faults in low
voltage induction motors, and mechanical faults in gearboxes and reciprocating compressors. The
parameters used are current and vibration.

In this regard, the following questions have been formulated:



1.3.1 Problems to be investigated

i. If a fault is imposed on an inverter-fed induction machine in isolation, can conventional

techniques be used to the fault in steady-state and transient conditions?

ii.  Ifafaultisimposed on a gearbox connected to an inverter-fed motor, can the fault be identified
in both steady-state and transient conditions?

iii.  Ifafaultis imposed on a reciprocating compressor connected to an inverted-fed motor, can the
fault be identified under steady-state conditions?

iv.  Which tool performs better between the vibration analysis and current analysis for each of these
faults?

v. If faults are imposed on the inverter-fed motor, gearbox and reciprocating compressor
concurrently, can they each be identified under steady-state and transient conditions?

vi.  Can MCSA reliably identify each of the faults imposed on the inverter-fed motor, gearbox and
reciprocating compressor concurrently?

1.4 Scope and Limitations

This study is limited to the investigation of the broken rotor bar fault, stator inter-turn fault, bowed
rotor bar, and bearing fault in inverter-fed induction motors. In the gearboxes, only the chipped-tooth
fault, missing tooth fault, and worn teeth faults have been considered. Lastly, the faults considered for
the reciprocating compressor are the blocked suction fault and the partially discharge valve fault. The
faults in the induction motor and gearbox are investigated under steady-state conditions and during
start-up. The faults in the reciprocating compressor are investigated under steady-state conditions. The
effect of load variation of the gearbox is not discussed. The effect of voltage supply unbalance is also not
considered, and efforts are made to use a balanced supply.

1.5 Plan of Development

The remainder of this thesis is structured as follows:

Chapter 2 presents a literature review on the condition monitoring of induction motors, gearboxes, and
reciprocating compressors.

Chapter 3 presents signal processing techniques that can be used to identify faults in machines.
Specifically, time domain, frequency domain and time-frequency domain analysis is investigated.

Chapter 4 presents the use of vibration and MCSA to detect and identify faults in induction motors,
gearboxes, and reciprocating compressors.

Chapter 5 presents the equipment and experimental set-up that were used in the following chapters.

Chapter 6 presents the experimental results and analysis of the induction machine, gearbox and
reciprocating compressor faults under steady-state conditions, and in isolation.

Chapter 7 presents the experimental results and analysis of the induction machine, and gearbox faults
under start-up conditions, and in isolation.

Chapter 8 presents the experimental results and analysis of the induction machine, gearbox and
reciprocating compressor faults when faults are imposed on the equipment concurrently.



Chapter 9 finally draws conclusions based on the results obtained in the previous chapters.



2. Literature Review

2.1 Introduction

This chapter starts by giving an introduction on induction motors, gearboxes, and reciprocating
compressors and how they work. It proceeds to describe the common faults associated with induction
motors, gearboxes, and reciprocating compressors. Then, it discusses the importance of condition
monitoring, and the previous works that have been done in condition monitoring.

2.2 Induction Motors

The induction motor is a motor that carries alternating currents in both the stator and the rotor; the
current that flows in the stator is supplied directly while that of the rotor is induced from the alternating
stator currents. The induction motor is the most popular motor in industry because of its robust, simple
and inexpensive nature [10]. They operate at roughly constant speed but this speed can be varied by
supplying power to the motor via an inverter. The stator windings run through evenly spaced slots
punched in the inner circumference of a hollow cylindrical core made up of stacked laminations as
shown in Figure 2-1.

The rotor windings of an induction motor are of two types, namely; the wound rotor and the squirrel
cage rotor. The wound cage rotor also comprises hollow laminations with uniformly distributed 3-phase
windings. The terminals are connected to slip rings which turn the rotor. The squirrel-cage rotor, on the
other hand, comprises copper rods that are fitted into the holes in the lamination. The copper rods are
slightly longer than the rotor, and their ends are linked to two copper end rings. Squirrel cage induction
motors are the most popular in industries. [11]

Figure 2-1 Exploded view of a squirrel cage induction motor showing stator, rotor, end-bells, cooling fan, ball bearings
and terminal box [12]

A 3-phase induction motor uses Faraday’s law of induction and Lorentz force as a basis for operation.
Faraday’s law of induction states that a conductor placed in a changing magnetic flux will experience an
induced electromotive force. Therefore, the rotor bars that comprise electrical conductors, are placed
in a rotating magnetic field. The rotating magnetic field is generated by the 3-phase voltage supplied to
the stator windings which rotates at synchronous speed n; where

120f
ng =——o,
p
where,
ng = synchronous speed [r/min]
f = frequency of the source [Hz]
p = number of poles



The speed of rotation of the rotor is always less than synchronous speed. This is because when the rotor
is rotating at synchronous speed, the flux does not cut the rotor bars and thus the induced voltage and
current will drop to zero. This causes the force acting on the rotor bars to reduce to zero which in turn
results in Lorentz force dropping to zero. The speed of the rotor bars would then slow down due to
friction and windage [12].

2.2.1 Common types of faults associated with induction motors

Induction motors, though reliable, are prone to undesirable stress which results in various types of
failures. These stresses include electrical stress, mechanical stress and environmental
stresses/contamination [13]. Many of these occur when the machines of a wrong specification are used
for a particular application.

Electrical stresses may result from the variety of transients at the supply to the machine including slow
fluctuations in the supply voltage or unbalance between the three phases. For example, the machine
may not have the thermal capacity to cope with the overheating resulting from voltage unbalance.
Winding insulation can also be affected by rapid transients in the supply voltage since the electrical load
is not uniformly distributed throughout the length of the winding. Transients at start-up have also been
known to contribute to overheating, loosening of windings, movement of electrical connections and
overstressing of terminal boxes [14].

Mechanical stresses may result from laborious duty cycles, overloading the machine, and periods of
intermittent running that include frequent restarts. Mechanical stresses can lead to loosening of
windings, wear of the bearings, and insulation degradation.

Environmental stresses include thermal and contamination problems. Thermal stresses may result from
operation of the machine in an inadequate enclosure, cooling problems, or overloading of the machine.
Machines in industry are prone to alien contamination such as textile or paper entering the cooling
system. Dirt in the main coolant system can lead to contamination of the windings and cause a
deterioration in insulation integrity [14].

The stresses mentioned above lead to various faults in the machine. These are discussed in the following
sections.

I Stator faults

Stator insulation failures can be caused by a combination of the stresses discussed above. The main
causes include: [15]

e Abrasion of insulation due to vibration of loose coils or abrasive particles.

e Degradation due to repetitive electrical stresses.

e Electrical tracking or chemical degradation due to contamination.

e Delamination or cracking of insulation due to thermal overload.

Stator winding inter-turn faults

Winding faults are usually due to slow and continuous aging of winding insulation [16]. The aged
winding can fail due to overheating, vibrations, or overvoltage which results in an inter-turn short-
circuit fault. Usually the insulation failure starts with inter-turn short circuit which induces a high
current between the shorted turns. The insulation failure eventually leads to stator-core to ground



insulation failure, which ultimately damages the stator core [17]. The entire process takes about 20 to
60 seconds for a low-voltage motors [18]. It is imperative that the fault is arrested in its incipient stages
to prevent catastrophic failure. Winding faults in the stator can be classified as turn-to-turn, phase-to-
phase, or phase-to-ground as illustrated in Figure 2-2 below.

bs Inter-turn

Coil-to-coil

Phase-to-phase

Phase-to-ground
Cs
Figure 2-2 Schematic representation of possible failure modes [19]

Stator end winding faults

End windings of induction motors are prone to environmental and mechanical stresses. These include
surface contamination, internal voids or delaminations, and mechanical aspects such as long term cyclic
fatigue in normal operation and or during transient events causing end-winding distortion [14].

Stator core faults

These are very rare and usually occur in large turbine-driven generators with massive laminated steel
cores. They are initiated when the core plates are electrically connected usually due to insulation failure
or to foreign bodies physically imposed on them.

Slot discharge

Slot discharge is a type of dielectric barrier discharge that occurs in High-Voltage motors. Dielectric
barrier discharge is an electrical discharge that occurs between two electrodes separated by an
insulating dielectric barrier. The schematic equivalent of slot discharge is shown in Figure 2-3. It usually
results from loss of good electrical contact between the insulated bar or coil surface and the stator core.

High voltage
T electrode

1 1 Groundwall insulation
v

| — Airgap
| v PD

Grounding electrode

Figure 2-3 Schematic equivalent of the environment of slot discharge [20]



When the airgap is created, the potential difference rises on the inner surface of the ground wall
insulation causing an electric field to exist between the ground wall insulation and the stator core which
is the equivalent of the ground electrode. Spatial electrons in the air-gap gain energy and collide with
the surrounding atoms leading to excitation and ionization. The resulting avalanche leads to a
breakdown of the air in the gap when the voltage exceeds the voltage discharge inception voltage.
During the breakdown process, the current flowing through the discharge passage is actually the
displacement current through the organic insulation, rather than the short circuit current. The current
is hence blocked by the ground wall insulation so there is neither arcing nor sparks, as several stable
discharge filaments appear across the air-gap [20]. Slot discharge can be prevented by minimising the
stator winding and the core [14].

iL. Rotor faults

These are classified as electrical and mechanical faults. Electrical faults include rotor unbalance
resulting from broken rotor bars or cracked end-rings, and rotor magnetic faults such as
demagnetisation, and rotor magnetic faults such as demagnetisation. Mechanical faults include bearing
damage, eccentricity, bent shaft, and misalignment. Broken bar and cracked end-ring faults account for
5%-10% of induction machine faults but it is still crucial that these faults are detected [21].

Broken bars — note: bars have lifted from slots

Rotor shaft spider assembly Rotor core
Figure 2-4 Illustration of the broken rotor bar fault [14]

Rotor faults may result from errors in the manufacturing process, defective casing in cast case motors,
or poor jointing in the case of brazed or welded end-rings. The high resistance developed causes
overheating of the cage which in turn may lead to cracking of the rotor bars at the cage end-rings.
Fluctuating speeds also strain the end rings of the motor since the bars provide the braking and
accelerating forces during the speed changes. Broken bar failures in their early stages can be detected
by the pulsations in the speed, supply current, and stray leakage flux of the machine.

111, Air-gap eccentricities
This occurs when the distance between the rotor and the stator in the air-gap is irregular. There are two
types of air-gap eccentricity: static and dynamic eccentricity. Static eccentricity occurs when there is



displacement from the axis of rotation where the position of the minimal airgap length is fixed in space.
The field distribution in the airgap is not symmetrical since the rotor axis is not aligned with the stator
axis. Dynamic eccentricity occurs when the rotor does not rotate about its own axis and also causes a
non-uniform airgap. In some cases, static eccentricity has been known to cause dynamic eccentricity
[22], [23]. Combined static and dynamic eccentricity is called mixed eccentricity and it occurs when both
the rotor and rotation axes are misaligned from the stator axis [24], [25].

iv. Bearing faults

Bearing faults account for 40% of the machine failures [26] . Rolling-element bearings consist of an inner
and outer ring between which a set of balls or rollers rotate in raceways. Bearings operating under
normal conditions usually experience fatigue failure when small fissures, located below the surfaces of
the raceway and rolling-elements, which propagate to the surface generating detectable vibrations and
increasing noise levels [26] .

Bearing faults are slow to mature but the can lead to catastrophic failure of the machine. Failure is
accompanied by a rising temperature at the bearing surface, in the lubricant and in the bearing housing,
which are detectable by temperature sensors. Bearing faults have been known to contribute the air-gap
eccentricities [14]. Figure 2-5 below shows the types of bearing faults and their different locations.

1 - Outer race damage
2 - Inner race damage
3 - Rolling element damage

4 - Cage damage

Figure 2-5 Various types of bearing faults



2.3 Gears

Gears are machine elements that transmit motion and force by means of successively engaging teeth. A
gear comprises a wheel (gear) and a pinion as shown in Figure 2-6 below.

Driving gear

Driven gear

Gear (wheel) Pinion

Figure 2-6 Gear system

There are many types of gears which include the spur gear, helical gears, bevel gears, and spiral bevel
gears. These are shown in Figure 2-7.

(a) Spur Gear

(c) Bevel Gears (d) Spiral Bevel Gear
Figure 2-7 Types of gears [27]

Gearboxes are prone to faults when operated under high stress conditions [28], various kinds of which
can cause a gear to transmit torque inefficiently. A particular type of failure that has its own descriptive
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identification is called a mode of gear failure. The most frequent are fatigue failure, and impact and wear.
In an analysis of over 1500 studies, tooth bending accounted for 32%, tooth bending impact accounted
for 12%, and abrasive tooth wear accounted for 10% [27].

There are four main types of gear failure shown in Figure 2-8 below, namely: pitting, scuffing, wear and
root cracking. Pitting occurs due to fatigue from higher Hertzian contact stresses than the surface can
stand. A crack is formed on the gear which breaks out and leaves a small smooth bottomed crater.
Scuffing occurs when the oil film breaks down thus allowing metal to metal contact. This leads to local
welding followed by tearing of the surface as the welds are sheared. Wear involves the gradual removal
of metal from the gear flank usually over the whole face. It may look like a lapped surface or surface
grooved in the sliding direction. Root cracking which results from stress in the root of the tooth. It occurs
when the root cracks under repeated stresses much lower than the ultimate tensile strength.

(c) Wear (d) Root crack
Figure 2-8 Types of gear failure [27]

24 Reciprocating Compressors

Compressors are devices used to move gas/air from one place to another. A reciprocating compressor
comprises a piston which moves up and down in a reciprocating motion. This enables suction and
compression of the gas. In larger compressors, piston rings are usually fitted to prevent leakage of gas
in the container with the crankshaft. The crankshaft is responsible for the reciprocating motion in the
compressor, and is connected to the motor either by a direct coupling or via a belt and pulley
arrangement. The crankshaft is connected to the connecting rod such that the rotary motion is
translated to a linear up and down movement of the piston. The suction valve is a valve through which
air enters the cylinder while the discharge valve is the valve through which air exits the cylinder. The
suction valve and discharge valve are never open at the same time.
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Figure 2-9 Parts of a reciprocating compressor [29]

Faults that commonly occur in reciprocating compressors include valve failures, and loose drive belts
[30]. The causes of valve failures include improper installation of valves, wrong selection of valve
meters and operation of the compressor outside rated conditions [31].

2.5 Maintenance of Equipment

There has been rapid development of industry automation in recent years which has motivated the need
for more intelligent and reliable systems. To minimize the loss due to interruption of production and
repair/replacement of expensive machines, it is imperative that reliable on-line condition monitoring
systems are in place to provide timely information for maintenance decision-making [32].

Run-to-failure maintenance is mostly shunned in most industrial applications since it is relatively
uneconomical. Alternative systems that collect and analyse real-time machine data are widely used due
to their ability to provide early detection of faults in machinery. Selecting the most appropriate
condition monitoring system is important to maximise the life span of the machinery and to mitigate
costs.

There are three common methods of managing maintenance, namely: reactive maintenance, preventive
maintenance, and predictive maintenance.

2.5.1 Reactive Maintenance

Reactive maintenance, as known as run-to-failure, involves inaction until the machine has failed. Though
it may be viable in some scenarios, reactive maintenance can lead to very costly maintenance and
unexpected downtime. It is the most expensive method due to the highest losses in production and it
would also require a large inventory of spare parts to minimise downtime [33].

2.5.2 Preventive Maintenance

Preventive/Time-based maintenance is where the parts of a machine are serviced on a regular basis
regardless of their condition [34]. This often requires replacement of machine parts periodically. This
has the disadvantages of down-time during the replacement of machine parts and the cost of the parts
that are being replaced. Preventive maintenance is often used with reactive maintenance to prevent
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unexpected catastrophic failures and can provide up to 30% maintenance cost compared to reactive
maintenance [34].

2.5.3 Predictive /Condition-based maintenance

Predictive/Condition-based maintenance is a system of maintenance that assesses the condition of the
machine, identifies any existing/incipient faults, and allows for planned corrective action to be taken
prior to failure of the machine. This system minimises down time, facilitates efficient manpower
scheduling, enables other repairs to be carried out during the planned down-time and allows for
ordering of replacement parts in advance.

2.6 Importance of Condition Monitoring

Condition monitoring is defined as any activity or set of activities, performed either manually or
automatically, intended to determine at pre-determined intervals the characteristics and parameters of
the actual state of an item [35]. One of the main applications of condition monitoring is condition-based
maintenance.

A consistent evaluation of the health of the rotating machinery is essential during its service life. Faults
can be detected in their incipient stages and the necessary steps can be taken to reduce or prevent down-
time and save the equipment [36]. This results in minimum down-time and optimum maintenance
schedules [37].

Some advantages of conditioning monitoring in industry include: [37]
e Reduction in the cost of maintenance
e Prediction of equipment failure
e Improvement of the equipment and component reliability
e Optimization of the equipment performance
e Improvement of the accuracy in failure prediction

2.7 Condition Monitoring Techniques

There have been significant efforts dedicated to condition monitoring/fault diagnosis in induction
motors, gearboxes, and reciprocating compressors in recent decades. A brief review of some of the
techniques and condition monitoring parameters that have been investigated are presented below.

2.7.1 Vibration monitoring

Rotating machinery, including new ones, generate some level of vibration. Condition monitoring of
rotating machinery via vibration analysis entails identification of abnormalities in the vibrations
generated by the machine. There are three types of vibration generated by the machine, namely:

e Stationary vibrations

e Random vibrations

e Noise
During signal processing, noise and random vibration are suppressed via signal processing techniques
such as filtering, though sometimes random vibrations are also analysed to identify faults [38]. The
analysis of the vibration signals can be in the time domain or in the frequency domain. The latter is
preferred because of it provides more detailed information about the condition of the machine.
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Vibration monitoring has been used to identify faults in induction motors such as stator and rotor faults
in [13], [17], [32], [39]-[47], detecting airgap eccentricity in [48], and the detection of bearing faults in
[21], [36], [49]- There has also been plenty of work done investigating the use of vibration signals to
detect faults in gearboxes in [50]-[61]. In reciprocating compressors, [6], [62]-[64] investigate the use
of vibration signals to detect faults in the valves and cylinder.

2.7.2  Stator Current Monitoring

Stator current is a popular parameter for fault detection and usually entails analysis of the current in
the frequency domain to identify mechanical and magnetic asymmetries, broken rotor bars, and shorted
turns in the stator windings. This uses Motor Current Signature Analysis (MCSA) to identify and locate
faults in induction motor drives. The presence of a fault in the system deviates the line current from that
of a healthy system. This current can then be analysed to identify and even locate faults in the system.
Stator current monitoring has been investigated as a tool for detection of faults in induction motors
including stator faults such as the stator inter-turn fault and degradation of stator insulation in [15],
[19], [41], [65]-[72], rotor faults such as broken and cracked rotor bars in [45], [66], [70], [73]-[80],
bearing faults [49], [68], [72], [81] and air-gap eccentricity [23], [82]. Stator current has also been
investigated for the detection of faults in gearboxes in [33], [83]-[88], and reciprocating compressors in
[62], [89]-[92].

2.7.3 Thermal monitoring

Thermal monitoring is achieved by measurement or estimation of the local temperature of the
machinery. For instance, in case of shorted stator windings in an induction motor, the current through
the stator will increase and produce excessive heat. The thermal model of the motor is used to analyse
the machine for faults. Thermal models of the induction motor can be classified into the Finite Element
Analysis (FEA) based model and the Lumped Parameter based model. The FEA model is more accurate
than the lumped parameter based model but is very highly computational [93]. The lumped parameter
based model comprises thermal resistances, capacitances and corresponding power losses. The
temperature in the region of the fault rises for an inter-turn fault but the model may not be able to detect
the fault before it progresses to a more severe fault [94]. Thermal monitoring has been used for
detection of stator faults and bearing faults in induction motors [13], [17], [93]-[95], and gearbox faults
[96]. In reciprocating compressors, the inlet and discharge temperatures are important for analysis of
the real-time P-V diagram against the ideal P-V diagram.

2.7.4 Magnetic Flux Monitoring

A recent trend in condition monitoring of induction motors has been the analysis of stray flux from the
motor as a basis for fault detection [97]. The advantage of flux monitoring is that is non-invasive and is
easy to implement. The drawback, however, is the difficulty of modelling the magnetic field which is
very dependent on the electromagnetic behaviour of the stator yoke and the motor housing which have
important shielding effects [98]. A stator inter-turn short circuit fault causes asymmetry in the air gap
flux density and hence in the external magnetic field. The asymmetry produces flux density components
that clearly appear in the stray flux. It is also important to note that the sensitivity of the external
magnetic field is higher than the line current [98].

Broken rotor bars on the other hand generate a negative sequence on the rotor fundamental air gap flux
density, and produce spectral lines in the line current spectrum and the stray flux [97].

Eccentricity also produces components in the stray flux that appear in the axial field but not the radial
field or the line current [99].
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2.7.5  Stator Voltage Monitoring

Stator voltage monitoring has been used to calculate the instantaneous power, instantaneous torque
and the negative sequence impedance to detect faults in induction motors [41], [100]-[104].

2.7.6  Partial Discharge

The partial discharge analyser test developed in 1976 is one of the first techniques to be used during
normal machine operation [13]. Various other techniques have been developed using specialized
sensors. The partial discharge from a deteriorated winding is approximately 30 times or even higher
than that of a winding in a good condition. Partial discharge for condition monitoring of stator windings
has been investigated in various literature including [28], [32], [42], [105]-[107].

2.7.7  Air-Gap Torque

The air-gap torque is produced by the flux linkage and the currents of a rotating machine. Zero
frequency of the air-gap harmonics shows that the motor is healthy. The air-gap torque is sensitive to
unbalance due to defects and can be used to identify faults [97], [108].

2.7.8 Acoustic Noise

Acoustic noise such as air conditioning noise and electromagnetic motive noise has been used to detect
winding faults in induction motors [47], [109] and gearboxes [110]. The periodic air pressure distortion
caused by the rotational parts affects the air conditioning noise while the electromagnetic motive noise
is related to the Maxwell stress in the presence of magnetic field acting on the metal surfaces. The
stresses induce vibrations in the structure of the motor causing noise radiation [111].

2.7.9  Artificial Intelligence

Artificial Intelligence is a powerful tool which has grown in popularity in recent years. It has been used
to improve the efficiency and effectiveness of fault diagnosis of electrical machines. This includes tools
like neural networks, fuzzy logic, fuzzy neural networks and algorithms. Although not yet very popular
in industry [98], artificial intelligence has been investigated as a tool to identify faults in induction motor
drives, for example using neural networks, to detect stator and rotor faults in induction motors [18],
[21], [112]-[115] as well as faults in gearboxes [116] and reciprocating compressors [89].
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3. Signal Processing Techniques for
Condition Monitoring of Rotating
Machinery

3.1 Introduction

In this chapter, classification of signals, and the commonly used signal processing techniques for
condition monitoring of rotating machinery are discussed. The signals that are captured include
vibrations, current, voltage, magnetic flux and air-gap torque among others. Research is constantly being
carried out to develop better and more reliable techniques for condition monitoring and fault diagnosis.

3.2 Signal Classification

Signals can be classified based on various properties. The type of signal and the properties that it
possesses are important for the appropriate choice of signal analysis and processing method.

Signals can be classified as deterministic and non-deterministic. Deterministic signals are described by
analytical expressions, and can be predicted for arbitrary times and can often be regenerated arbitrarily.
Non-deterministic signals comprise random and irregular signals. There is uncertainty about the value
of the signal at a specific instant of time. Random signals cannot be described by analytical expressions,
though they are statistically or probabilistically describable while irregular signals cannot be
represented statistically or stochastically.

3.3 Fault Diagnosis Techniques

The captured signals need to be processed to determine the health of the machinery. It usually entails
transforming the signal into a format that allows dominant features to be extracted and analysed for
fault detection. These techniques can be classified into 3 groups, namely:

e Standard digital signal processing based techniques

e Advanced digital signal processing techniques

e Artificial intelligence based techniques

Standard digital signal processing techniques are those that are applied to stationary signals. They are
applied in the frequency domain for stationary signals and in the time-frequency domain for transient
signals. They include the discrete Fourier transform (DFT), fast Fourier transform (FFT), short time
Fourier transform (STFT), and the Wigner-Ville distribution.

The advanced digital signal processing techniques include applications of the continuous wavelet
transform (CWT), the wavelet packet transform (WPT), and wavelet neural networks (WNN).

Artificial intelligence (Al) is the study of system conditions using computational models. They include
expert systems, genetic algorithms, support vector machines, and fuzzy logic.
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34 Time-domain Analysis

Time-domain analysis is one of the simplest techniques and uses the amplitudes of the signal to
distinguish between a healthy signal and a faulty one [117]. However, although time-domain analysis
can be used to detect a fault, it is difficult to use time-domain analysis to identify the type of fault. For
instance, if a system contains high levels of mechanical vibration, it may be difficult to identify a small,
yet consistent and progressive increase in vibration levels making it difficult to detect the existence of a
fault in the waveform.

A signal is termed as deterministic if it has a relatively consistent frequency or level content such that it
becomes predictable overtime. A fault such as a localised gear fault could result in a signal becoming
random or non-deterministic, making it difficult to accurately predict. Statistical parameters can be used
to detect fault progression in these scenarios [118]. Commonly used statistical indicators for fault
detection based on the time-domain waveform are Peak Value (PV), Root Mean Square (RMS), Kurtosis,
and Crest Factor (CF) [60].

3.4.1 Peak Value (PV)

This is the maximum amplitude of the signal.

PV = ynax(t) (3-1)
where y,,, 4, 1S the maximum amplitude of the signal.

3.4.2  Root Mean Square (RMS)

The RMS of a signal is related to the energy of the signal and the existence of faults can be directly
detected using a variation in the RMS of a signal [119]. The RMS is the normalised second moment of
the signal and can be effective in tracking system noise.

The RMS, however, cannot be used solely to identify which fault is developing in most scenarios.
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where N is the number of samples taken in the signal, x(n) is the amplitude of the signal for the nth
sample, and X is the mean value of the N samples.

3.4.3  Crest Factor (CF)

The CF of a signal is useful in detecting discrete impulses above the background signal which do not
occur frequently enough or which do not have sufficient duration to significantly affect the RMS level.

PV (3-3)

CF= ——
RMS

where PV is the peak value and RMS is the Root Mean Square.
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3.4.4 Kurtosis

Kurtosis is used to detect the presence of significant peaks in the time-domain of the signal. It is the
fourth order statistical moment of a signal and because it raises the signal to the fourth power, it
effectively amplifies the isolated peaks in the signal [120]. The normalised kurtosis for a distribution
x(t) given by its sample values x;, ..., x, measured at times t;, ..., t,, can be define as:
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kurtosis = (3-4)
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where N is the number of samples taken in the signal, x(n) is the amplitude of the signal for the nth
sample, and X is the mean value of the N samples.

The higher the kurtosis value, the sharper the peak(s) and the longer the tails of the signal. The lower
the kurtosis, the more rounded the peak(s). When a signal comprises random noise, then it follows
Gaussian (Normal) distribution and it has a kurtosis value of 3.0. Kurtosis is commonly used as a
parameter for the detection of gear faults [43].

3.5 Frequency Domain Analysis

3.5.1 Fourier Transform

The Fourier transform is used to analyse periodic and non-periodic continuous time signals in terms of
frequency content given by sinusoidal components. The Fourier transform X(w) of a continuous time
signal x(t) is defined by:

* ; 3-5
X(w) =F{x(t)} = -[ x(t)e I@tdt (3-5)
Equation (3-5) is known as the analysis or forward transform since it extracts the frequency information
from the time domain signal.

x(t) = F HX(w)} = % j ’ X(w)el*tdw (3-6)

Equation (3-6) is known as the inverse transform since it extracts the time domain information from the
frequency spectrum.

Discrete Fourier Transform (DFT)

The Discrete Fourier Transform (DFT) is the equivalent of the Continuous Fourier Transform for signals
only known at a discrete number of instances separated by specific time intervals.

A continuous signal x(t) sampled N times with the samples denoted x[0], x[1], x[2], ..., x[k], ... x[N — 1]
has a Discrete Fourier Transform shown below.
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X(w) = (3-7)

k=0

The corresponding inverse Discrete Fourier Transform of
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x[n] = N X[n]e/ N (3-9)
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The time taken to evaluate a DFT on a digital computer depends principally on the number of
multiplications involved. This number is directly related to N2, where N is the length of the transform.
The Fast Fourier Transform (FFT) is an efficient algorithm for calculating the Discrete Fourier

N e : .
Transform. At each stage of the FFT, > complex multiplications are required to combine the results of

the previous stage. Since there are log, N stages, the number of complex multiplications required to

evaluate an N-point DFT with the FFT is approximately og, V'
2

3.6 Frequency-time Domain Analysis

3.6.1 Wavelets and Wavelet Transforms

The wavelet transform is a technique that is used to analyse a signal simultaneously in the time and
frequency domains. It is very useful in analysing non-stationary, non-periodic, intermittent, and
transient signals. Wavelets are waves with a short duration, with finite energy and a quick decay in time.
The wavelets have an oscillating feature, which comes along with the location in time and frequency.
Orthogonal wavelet functions have a companion function known as a scaling function. The scaling
function is used to generate basis functions, which are used during the decomposition and
reconstruction of a signal. Figure 3-1 shows the Daubechies scaling function and mother wavelet
function.

Daubechies 20 tap wavelet
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Figure 3-1 The Daubechies wavelet [121]

I Continuous wavelet function

The wavelet transform of a continuous signal x(t) with respect the wavelet function ¥(t) is defined as

T(a,b) =w(a) J_O:ox(t)lp* (%) dt (3-10)
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where w(a) is the weighting function, a and b are the dilation and translation parameters, respectively.
The asterisk denotes that the complex conjugate of the wavelet function is used in the transformation.
The wavelet transform is a correlation of a signal with a set of wavelets of various widths. w(a) in

. 1 : :
equation (3-10) can be set to 7 to ensure that the wavelets at each scale have identical energy. The

resulting equation is as shown in equation (3-11).

T(a,b) = Tlaf_i x(OY* (#) dt (3-11)

Equation (3-11) can be rewritten as equation (3-12) below.

T(a,b) = f *(Oay’ (D)t (3-12)

Dilation and contraction of the mother wavelet is governed by the dilation parameter a which is the
distance between the centre of the wavelet and its crossing on the time axis. The shifting of the wavelet
along the time axis is governed by the translation parameter b. Stretching and squeezing of the Mexican
hat wavelet is demonstrated in Figure 3-2 below.
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detection in cage induction motors Mexican Hat wavelet function
Figure 3-2 [122]

iL. Discrete wavelet transform

The mother wavelet can be dilated and translated discretely by replacing a with a,™ and b with nbya,™,
where a, and b, are fixed constants, ap > 1, by > 0,and m,n € N. The discrete mother wavelet function

can hence be defined as

Y (t) = ao_m/21p <t_:#°m> (3-13)
0

And the corresponding discrete wavelet transform (DWT) can be defined as

Tmn) = J mX(t)llJm,n*(t)dt (3-14)
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The DWT process begins by passing the discrete signal x[n] through a low pass filter with an impulse
response g[n] and a high pass filter with the impulse response h[n]. The low pass and high pass filters
are scaling and wavelet filters respectively. The low pass filter returns the approximation coefficients of
the discrete signal at first level of resolution of the DWT while the high pass filter returns the detail
coefficients of the discrete signal at first level resolution of the DWT. The output of these filters are N
wavelet coefficients. Thus, the first level of decomposition of the discrete signal can be mathematically
expressed as

aP[n]

glklx[n — k] (3-15)

The decomposition of the discrete signal can be mathematically expressed as

=

-1 (3-16)
dP[n] = hlk]x[n — k]

=
I
=)

where p is the level of the decomposition. The next level of decomposition uses the approximation
coefficients from the previous level as the inputs to the wavelet filters g[k] and h[k]. The approximation
and detail coefficients generated at a particular level are half the number of those in the previous level.
The process is illustrated in Figure 3-3(a).

il Wavelet Packet Transform

Wavelet packets can be formed by linear combinations of usual wavelet functions. Similar to wavelet
functions, they also possess properties like orthonormality, and time-frequency localization from their
corresponding wavelet functions. A wavelet function however also possesses a modulation or oscillation
parameter, in addition to the scaling and translation parameters. The wavelet function can be defined
as

W () = 2awn @it — k) (3-17)

where j is the scaling parameter, k is the translation parameter, and n is the modulation parameter.
The first two wavelet functions are the corresponding scaling function and mother wavelet function,
which can be defined by

Wo0’ (1) = @(t) (3-18)

Wo,o' (1) = 9(t) (3-19)

The wavelet packet functions of the corresponding levels can be computed as

Woo?™(t) =2 Z gROW, (2t — k) (3-20)
k

Wo,o" (1) = V2 Z h(K)Wy " (2t — k) (3-21)
k
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where g[k] and h[k] are quadrature mirror filter associated with the predefined scaling and mother
wavelet functions. The inner product of the signal and the particular basis function returns the specific

time-frequency information of a signal.

Wavelet Packet Decomposition involves applying both high pass and low pass filters to a discrete signal
and then recursively to each intermediate signal. The procedure is illustrated in Figure 3-3 below.
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Figure 3-3 (a) Two-level Discrete Wavelet Transform of a discrete signal and (b) The two-level Wavelet Packet
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Transform of a discrete signal [122]

The firstlevel of decomposition of the signal x[n] of length N generates two frequency sub-bands, which

are the approximation coefficients a,! = [ay},a;1,a,t,...,ay_11] and the detail coefficientsd,,” =

[dol, dll, dzl, ) dN_ll]. These are defined as

Nfp—1
aa®[n] = Z glkla[2n — k] (3-22)
k=0

N/p-1
ad?[n] = h[kla'[2n — k] (3-23)

Njp—1
da?[n] = Z glkld[2n — k] (3-24)
k=0

Nfp-1
dd?[n] = h[kld'[2n — k] (3-25)
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where aa? is the second level low frequency approximation of the original signal is, ad? is the second
level low frequency low frequency details of the original signal, da? is the second level high frequency
approximation of the original signal, and dd? is the second level high frequency detail of the original
signal.

3.7 Hilbert Transform

The Hilbert transform is a signal analysis method that can be used to emphasize the local properties of

a signal. It is defined as a convolution with the function 1/t' as follows [123]:

9 x(1)
ol (3-26)

1 1
HT(x(t)) =y(t) = Exx(t) = ;j

— 0o

The analytical signal X(t) of the signal x(t) is defined by coupling x(t) and its Hilbert transform.

X(t) = x(t) + jy(t) = a(t)e/® (3-27)
where
@) (3-28)
y(©)
where a(t) is the instantaneous amplitude of X(t) and is a reflection on how the energy of x(t) varies
with time, and 6(t) is the instantaneous phase of X(t).

a(t) = [x2(t) + y2(£)]/2, and 6(¢) = tan~! (

Three important properties of the Hilbert transform and the analytic signal are: [80]

1. The Hilbert transform of a trigonometric function is the trigonometric function with a 90° phase
shift: sines are transformed to cosines and cosines are transformed to sines. The spectrum of the
Hilbert transform of a signal has the same amplitude and frequency content as the original
signal, but the phase of the frequency components is shifted by 90°.

2. The analytic signal X(t) has a one-sided Fourier transform. It retains the positive frequency
content of the original signal and the negative frequencies are annulated. It also doubles the dc
component.

3. Thelow frequencies of the original signal are in the amplitude a(t), and the high frequencies are
in the phase 6(t) of the analytic signal.

3.7.1  Analytic signal of the Current in a Healthy Machine

The phase current i(t) in an ideal healthy machine is
i(t) = I, cos(wt) = I,cos(2mft) (3-29)

The cos(wt) function can be written as

ejﬂ)f + e—ja)t (3_30)
cos(wt) = —
Combining (3-29) and (3-30)
ejwt + e—ja)t I ) i . 331
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The Fourier transform of i(t) will show distinct components at the frequencies f and —f. The Fourier
transform, when computed using the Discrete Fourier Transform uses a sequence of N values of the
original function sampled at a frequency f; that meets the Nyquist condition f; > 2f. The frequencies
will appear the indices m(f) and m(—f) respectively, which are defined as:

f 3-32
m(f) =N, m=f) =N =m(), (5-32)
S
The analytic signal 7(t) corresponding to i(t) is
i(t) = i(t) + jHT(i(t)) = Iy (cos(wt) + jsin(wt)) (3-33)
The sin(wt) function in terms of complex exponentials is
) ; ejwt —_ e_th (3'34)
sin(wt) = T
Combining (3-30), (3-31), (3-33) and (3-34) gives
i(t) = I,,el®t (3-35)

The Discrete Fourier Transform of (3-35) will show a single spike corresponding to f = w/21r and has

a doubled amplitude with respect to the original signal spectrum component [95].
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4. Motor Current Signature Analysis
(MCSA) and Vibration Monitoring in
Condition Monitoring

4.1 Introduction

This section discusses Motor Current Signature Analysis and Vibration Analysis as tools for the detection
of faults in induction motors, gearboxes, and reciprocating compressors. The common faults that occur
in induction motors, gearboxes and reciprocating compressors, as well as, their associated fault
frequencies for the current and vibration spectrum are also deliberated.

4.2 Motor Current Signature Analysis (MCSA)

Motor Current Signature Analysis is the most popular method of fault detection and condition
monitoring in induction machines [41], [67]. MCSA can be used a predictive maintenance tool,
preventing catastrophic failure, production outages, and extending motor lifetime. It is a very potent
tool and can be used in parallel with other techniques such as vibration and thermal monitoring to detect
faults in the motor [46].

MCSA involves monitoring of the stator (supply) current. Usually a single phase is monitored. The
current is measured using a current sensor and recorded in the time domain. The captured signal data
is then fed into an MCSA instrument such as a spectrum analyser for analysis. The MCSA then processes
the signal using any of the techniques discussed in Chapter 3.

An ideal motor current is pure sine wave. However, in the practical world, there are harmonics present
in the signal. Faults that are present in the motor will further modulate the current signal leading to
additional sideband harmonics [124]. Particular faults lead to particular current signatures such as the
alteration in the current spectrum of the motor with the broken rotor bar shown in Figure 4-1 below.
These can be used to determine the fault and its severity [65].

PSD (dB)

-100
-120

Frequency (Hz)

Figure 4-1 Current spectrum showing experimental healthy (---) and faulty (two broken rotor bars) stator current
spectrum around fundamental [125]
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4.3 Vibration Monitoring

Vibration is the motion of a machine or a part of machine back and forth from its position of rest.
Rotating machines exhibit characteristic vibration signatures that are unique to them and these can be
measured to obtain information regarding the machine’s condition and any mechanical faults. Vibration
monitoring entails routine collection of vibration data on the specified machine with the intent to
capture relevant vibration frequencies and amplitudes. These are used to establish a trend for each
machine over an extended period. Baseline measurements can be obtained for the motor whilst in a
healthy state. Alarm limits can be defined at critical frequency ranges to indicate the possibility of a fault
in the machine. Presumably there will be enough “lead time” after the alarm, before failure of the
machine, which allows for proactive measures to be taken to prevent damage to the machine. This is
illustrated in Figure 4-2 below.

Lead Time
A il

Failure Limit

Characteristic Value

Time
Figure 4-2 The Trending of Measured Characteristic [27]

Theoretically, it is possible to use the slope of the graph to estimate and predict the actual time in hours
or weeks before failure, hence preventing an emergency breakdown and allowing production to be
adjusted in an organised manner [27].

Vibrations in induction motor drives can be classified into two parts: benign vibration and serious
vibration.

L Benign vibration

These are characteristic of regular operation of the machine in normal conditions. The amplitudes of the
vibrations are specific to the machine that is being monitored. Examples of benign vibrations include:

e 120 Hz hum (60 Hz operating frequency) and 100 Hz hum (50 Hz operating frequency).

o Blade passing frequency.

e Broadband turbulence from fluid handling machines e.g. fans and pumps.

e Gear mesh frequencies.

e Pure tones from motors especially those driven by Variable Frequency Drives.
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iL. Serious vibration

These are vibrations that lead to accelerated wear and tear of the machine, and/or premature failure. It
is imperative that corrective action is taken to reduce or eliminate these vibrations to increase the life
span of the machine. Examples of serious vibration include:

e 11X amplitudes above the balance limits.

e Shock pulses.

e Large shaking motion.

e Abnormal noise.
Serious vibrations can also be classified into two types: forced and natural vibrations (resonance).
Forced vibrations are caused by faulty or wrong machine parts, imbalance in the drive, and
misalignment. Natural vibrations are caused by the structural nature of the drive and its parts.

4.3.2 Vibration in Induction Motors

Vibrations in electrical machinery are caused by mechanical faults such as misalignment, unbalance, and
mechanical looseness. Common causes of vibration due to electro-magnetic problems include:

e Rotor not round.

e Eccentric armature journals.

e Rotor and stator misalignment.

o Elliptical stator bore.

e Open or shorted windings.

e Shorted rotor iron.

The vibration frequency from electrical problems is 1X RPM. One can check for vibration resulting from
electrical vibration by observing the change in amplitude the instant that the electric motor is
disconnected from the machine.

Vibration due to electromagnetic faults is generally associated with the amount of load placed on the
motor. As the load changes, the amplitude and frequency readings can show a significant change.

Rotor or armature faults such as broken rotor bars, open or shorted rotor windings, bowed rotor, and
eccentric rotor have been known to cause electrical vibration. The pulsating vibration amplitude
characteristic of these faults produces a single vibration frequency with an amplitude modulated with
time. The vibration is generated from a broken rotor bar fault as illustrated in Figure 4-3 below.

T greatest force } medium force A |east force

Yoo !

B

Figure 4-3 Vibration generated by an induction motor with a broken rotor bar

Figure 4-3 shows a two-pole motor with a broken rotor bar. During operation, the broken rotor bar will
align with the lower pole when the pole is energised by peak current as shown in Figure 4-3(A). The
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polarities of the poles are equal and opposite. However, because of the rotor bars is broken, the magnetic
forces between the motor poles and the armature will have a resultant force. When the AC current peaks
again in the next revolution (see Figure 4-3(B)), the broken rotor bar will not align with the poles like it

did initially in Figure 4-3(A), and it will lag by a 1/ 50 of a revolution since the motor armature rotates
at a frequency less than that of the stator current. During the next revolution (see Figure 4-3(C)), the

rotor bar will lag even further with the resultant magnetic force on the rotor dropping even further. This
causes a single frequency vibration whose amplitude is modulated at a rate equal to the slip frequency.

Stator related problems can also result in vibration with a pulsating amplitude. The pulsation is the
result of a beat between two separate frequencies that are close to one another. This can be observed in
the time domain as a steady pulsation in the waveform, or from the frequency domain.

4.4 Fault Signatures in Induction Motors

The following section discusses the faults in induction motors and their corresponding fault frequencies
in the current and vibration spectra.

4.4.1 Eccentricity

Eccentricity in induction machines is caused by formation of an unequal airgap between the stator and
the rotor. Static eccentricity occurs when the rotor or stator of the motor is incorrectly positioned; the
axis of rotation of the motor does not change. Dynamic eccentricity occurs when the axis of rotation of
the rotor changes and is caused by bent shafts, unbalance, and cracked rotor bars. As the rotor moves
towards and away from the stator magnetic fields, the stator current is altered. The different types of
air-gap eccentricity are illustrated in Figure 4-4 below.

a) Concentric b) Static eccentricity ¢) Dynamic eccentricity

Figure 4-4 Air-gap eccentricity in induction motors [124]

The presence of static or dynamic eccentricity using MCSA can be detected using

fecc = f (kR + nd) (1 ;S) +v (4'1)

where the eccentricity order n; = 0 in the case of static eccentricity, and nz = 1,2,3, ... in case of
dynamic eccentricity, f is the fundamental supply frequency, R is the number of rotor slots, s is the slip,
p is the number of pole pairs, k is any integer, and v is the order of the stator time harmonics present in
the power supply driving the motor (v = 41,43, 45, ...). However, only a particular combination of
machine pole pairs and rotor slot number cause a significant rise in only the static or only the dynamic
eccentricity-related components. The relationship for a 3-phase integral slot 60° phase belt machine is
given by
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R=2p[B(mtq)£tr]tk (4-2)
where (m+q) =0,1,2,3,...andr =0o0r 1,k =1 or 2.
Mixed eccentricity is a combination of both static and dynamic eccentricity and can be detected using

fece = 2f £ f; (4-3)

Machines generating principal slot harmonics (PSHs) will not give rise to the components in equation
(4-1). [24]

In the vibration spectrum, stator eccentricity causes an increase in the 1X, 2X rotational frequencies,
and twice the line frequency (2 - f;). Stator eccentricity is caused by loose iron, shorted stator

laminations or soft foot. The vibration spectrum of a motor with stator eccentricity is shown in Figure
4-5 below.

1X 2X
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2-f,

f- |
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Figure 4-5 Vibration frequencies for a motor with stator eccentricity [107]

Rotor eccentricity causes an increase in the vibration amplitude at the slip frequency, f,, the 1X

rotational frequency, and at twice the line frequency, (2 - f.). Rotor eccentricity can be a result of rotor
offset, misalignment and poor base for the motor. The vibration spectrum of a motor with rotor
eccentricity is shown in Figure 4-6 below.
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Figure 4-6 Vibration frequencies for a motor with rotor eccentricity [107]

4.4.2 Broken rotor bars

They are usually caused by the strain on the motor during start-up that leads to currents that can be up
to five times the rated current of the motor [124]. In a healthy induction motor, the electromagnetic and
mechanical forces in the machine are symmetrically distributed. A broken rotor bar results in a reverse
rotating magnetic field at pole frequency. The frequency component is in a negative sequence and is
reflected on the stator side and produces the frequency component (1 — 2sf). This consequently results
in a torque ripple and a speed ripple at 2sf which modulates the rotating magnetic flux [45] which
causes the left and right side components of the fundamental at (1 - 2sf) and (1 + 2sf) respectively.
This in turn leads to series of fault components in the stator current which can be found at the
frequencies in equation (4-4) below [75], [76], [127], [128].

(1 £ 2ks)f (4-4)
where f is supply frequency, s is the slip, and k = 1,2,3, ...

Broken rotor bars in induction motors also generate a pulsing vibration causing a significant rise in the
vibration amplitude of the 1X and 2X rotational frequencies, and/or higher harmonics. A significant
increase in the 2X frequency amplitude indicates a growth of a transverse crack is getting critical.
Changes in the 1X or higher harmonic frequencies may also occur. The changes in the amplitude of the
1X frequency and its harmonics is due to the asymmetry that results from the broken rotor bar. The
vibration spectrum of the induction motor with the broken rotor bar is shown in Figure 4-7 below.
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Figure 4-7 Vibration frequency spectrum of broken rotor bar [107]

4.4.3  Stator inter-turn faults

Most stator failures have been linked to stator windings [124]. Shorted turns produce excessive heat
and cause current imbalance in the stator coils [126]. Rotating flux waves induce components in the
stator current and these components can be identified using MCSA at the frequencies, fstqror, in
equation (4-5) below.

futator = f (g (1-5)+k) (4-5)

where f; is the supply frequency,n = 1,2,3, ...

Inter-turn stator faults result in a vibration spectrum similar to that in Figure 4-5 with an increase in
magnitude of the 1X and 2X rotational frequencies, and the 2X line frequency.

4.4.4  Bearing faults

Bearing faults are usually a result of physical damage to the bearings in the form of brinelling or false
brinelling of the race ways, and can lead to premature failure. Misalignment of the bearings as shown in
Figure 4-8 below may also result from flawed bearing installation.
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Figure 4-8 Four types of rolling-element bearing misalignment [41]

The ball bearings support the rotor and thus faulty bearings affect the eccentricity of the air-gap which

may resultin one or more of the frequencies described in 4.4.1. There is no perfect bearing and therefore

all rolling element bearings will have defects such as irregularities in the surface of the race, and the

roundness of the balls. These faults create periodic frequencies called fundamental defect frequencies,

namely:

e Fundamental Train Frequency (FTF): This is the rotational speed of the bearing cage and ball/roller
assembly.

o Ball Pass Frequency of the Inner Race (BPFI): This is the frequency created as the balls roll across a
fault in the inner race.

o Ball Pass Frequency of the Outer Race (BPFO): This is the frequency created as all the balls roll across
a fault in the outer race.

o Ball/Roller Spin Frequency (BSF): This is the circular frequency of each ball/roller as it spins during
revolution around the shaft. For a roller bearing, 2 - BSF is a more appropriate parameter.

The BPFI and BPFO vibration frequencies, f; and f, can be obtained from [26], [129]

_no [y, b (4-6)
fi,o - Efr [1 ip_dcosﬁ]

where n is the number of bearing balls, f,. is the mechanical rotor speed in hertz, bd is the ball diameter,
pd is the bearing pitch diameter, and  is the contact angle of the balls on the races.
The BPFI and BPFO frequencies can also be estimated using Equations (4-7) and (4-8) below [41].

fi=06-n-f (4-7)
fo=04-n-f, (4-8)
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And the bearing fault frequencies in the current spectrum are located at [129]

fbearing = fs + nbfi,o (4'9)

where fyeqring is the fault frequency, f; is the supply frequency, n;, is the number of bearings, and f; and
fo are the BPFI and BPFO frequencies respectively.

Figure 4-9 below shows the ball bearing dimensions used in the calculation of the bearing fault
frequencies of the current and vibration spectra.

Contact Angle

Ball Dha
(bd)

F

Pitch
Dia
(pd)

Figure 4-9 Ball bearing dimensions [41]

4.5 Fault Signatures in Gearboxes and Reciprocating Compressors

4.5.1 Gears

There are three fundamental vibration frequencies for fault detection in gears namely:

R -
Gear rotational frequency, frq = g/f [Hz] (4-10)
N
R -
Pinion rotational frequency, fr, = p/ f. [Hz] (4-11)
N
Tooth mesh frequency, fm = frp* Np [Hz] = frg - Ny [HZ] (4-12)

where R, is the gear speed [rpm], f; is the supply frequency [Hz], R, is the pinion speed [rpm], N,, is the
number of teeth on the pinion, and N, is the number of teeth on the gear.

A discrete gear tooth irregularity such as a chipped tooth or a broken tooth leads to high noise and
vibration levels at the shaft rotational frequency of the faulty component and the associated harmonics.
These narrowband peaks are in addition to the various gear meshing frequencies and their harmonics.
This is illustrated in Figure 4-10 below.
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Figure 4-10 Fault frequencies of a discrete gear tooth irregularity [130]

Discrete faults also tend to produce low-level flat sideband spectra at * the shaft rotational speed and
its associated harmonics around the various gear meshing frequency harmonics [44]. A discrete fault is
best detected in the time domain which will show a pronounced spike every time between impacts at

1/Speed of the gear with the broken tooth. The amplitude of the impact spike in the waveform is often

much higher than that of the 1X gear rpm in the time domain as shown in Figure 4-11 below.
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Figure 4-11 Time waveform of a gearbox with a discrete gear tooth irregularity [130]

Gear tooth wear excites the natural frequencies of the gear and the sidebands around them which hare
spaced with the running speed of the bad gear. The mesh frequency may or may not change in amplitude
though high amplitude sidebands surrounding the gear mesh frequency and its harmonics usually occur
when wear is present. Sidebands are a better indicator of wear the gear mesh frequency itself.

4.5.2 Reciprocating Compressor

The time-varying gas pressure pulsations created between inlet and discharge valves is the main source
of noise and vibration in the reciprocating compressor. The frequency spectrum of the reciprocating
compressor comprises piston frequency, valve natural frequencies, and acoustical and structural
resonances. The opening and closing of the suction and discharge valves can be detected using an
accelerometer. There is impact from the valve at least once a cycle since it must hit the valve seat during
closing.
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The accelerometer is attached to the valve cover with a magnetic clamp. The patterns shown in Figure
4-12 are those of a healthy reciprocating compressor.

Suction Valve Sugclion Valve Discharge Valve
Opening Closing Opening
Discharge # 4 y -
Valve
Closing
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Figure 4-12 Pressure-time trace (pressure angle) with vibration and ultrasonic traces imposed of a healthy
reciprocating compressor [131]

A
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[63] analyses the compression cycle of a reciprocating compressor shown in Figure 4-13 below. The
signals labelled A to G represent the different actions of the compressor. Signal A corresponds to the
piston reaching the top dead center (TDC). At this point, the acceleration of the piston is maximum
although the velocity is zero, and the pressure in the compressor cylinder is high. The combination of
the high piston acceleration and the high-pressure results in the high acceleration spike on the top of
the compressor.

After TDC, the piston moves downwards and the pressure in the compressor reduces till a point at which
itis less than that of the tank, at which point the discharge valve closes causing spike B. The piston moves
further down until the compressor pressure is less than the atmospheric pressure, and the inlet valve
opens causing spike C. When the piston reaches Bottom Dead Center (BDC), a small mechanical impact
is produced causing the spike D. The piston has maximum acceleration in the upwards direction but
pressure in the compressor cylinder is relatively low, hence the amplitude of D is not as high as that of
A. The piston then moves upwards increasing the pressure in the compressor until a point at which it is
greater than the atmospheric pressure causing the inlet valve to close, and a corresponding spike at E.
The pressure continues to build until it exceeds that of the tank causing the discharge valve to open and
a corresponding spike, F. The piston then returns to TDC at spike G, and the process begins all over again.
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Figure 4-13 One compression cycle of a reciprocating compressor [63]

The spring tension in the valves can be detected by monitoring the vibration patterns. If the spring is
too heavy, the valve is likely to close prematurely multiple times as shown in Figure 4-14 below. If the

spring is too tight, a late closure of the valve is likely to occur.

A Y
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Figure 4-14 Pressure-time trace with vibration and ultrasonic traces imposed of a reciprocating compressor with

springs in the discharge valve too heavy [131]

A leaking valve will generate vibrations during the time that the valve is supposed to be closed. Figure

4-15 below shows the vibration patterns for leaking suction valve and discharge valve respectively.
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Figure 4-15 Pressure-time trace with vibration and ultrasonic traces imposed of a reciprocating compressor with a

(a) leaking suction valve (b) leaking discharge valve [131]
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4.6 Fault Signatures of Mechanical Loads in Motor Current

Although torque oscillations are known to exist in healthy motors due to the space and time harmonics
in the airgap field, the mechanical loads result in induced torque oscillations at particular frequencies
that are often related to the mechanical speed of the motor and the load [132], [133]. When using the
gearboxes as test loads, the sidebands of the mesh, pinion and gear frequencies across the supply
frequencies are also observed and can be used to provide information about the state of the gearbox
[85], [134], [135]. The frequencies that were observed in the current spectrum as indicators of the
gearbox fault are presented below.

fs £ nfim (4-13)
fs £nfy (4-14)

where f; is the supply frequency, f;, is the mesh frequency, f, is the pinion sideband frequency, and n =
1,2,3,..

Similarly, for the reciprocating compressors, the effect of the piston frequency on the air-gap can be
observed in the current spectrum at the following frequencies [90].

fs £ nf; (4-15)
where f; is the supply frequency and f;, is the piston frequency, and n = 1,2,3, ...
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5. Experimental Setup

5.1 Introduction

This chapter describes the equipment that was used to carry out the experiments. The MFS-MG rig and
the data acquisition equipment that was added to it are detailed in the following sections.

5.2 The MFS-MG Test-rig

5.2.1 The General Setup

The Machinery Fault Simulator Magnum (MFS-MG), shown in Figure 5-1 below, is a tool used to study
the signatures of common machinery faults. It has a modular design, and the components that are used
are designed for high tolerances to accommodate operation without conflicting vibration. Various faults
can be either individually or jointly induced in a controlled environment.

_ Extended

Fluid bearing .
; rotor deck

1 HP motor
~ Rolling bearing

1 HP variab
speed

controller Belt drive

BNC
connectors

Reciprocating Mechanism Gearbox

Figure 5-1 The Machinery Fault Simulator Magnum (MFS-MG) [136]

The vibration spectra of different faults can be investigated including:

e Misalignment in all three planes, both angular and parallel.

e Unbalancing in single plane and multiple planes.

o Different types of bearing faults.

e Eccentricity, rotor rubs and bent shaft.

e Mechanical looseness and soft foot.

e Belttension and gearbox problems.

e Reciprocating mechanism vibration spectra with and without defects.

The rig also comprises six 0.75-hp motors and a healthy 1-hp motor. The faults include rotor unbalance,

rotor misalignment, bowed rotor, faulted bearings, broken rotor bars, and stator winding faults and/or
voltage unbalance single phasing.
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The motors can be loaded with a servo motor, a healthy or faulty centrifugal pump, a healthy or faulty
air compressor, a healthy or faulty gearbox loaded with a magnetic clutch mounted on its rear with an
adjustable torque setting in the range 0.06 - 1.13 Nm. A magnetic base is attached to each motor and
load type to mount a vibration sensor.

A schematic of the test-rig is shown in Figure 5-2 below.

Test IM Motors
Healthy;f inter- turn-l

I stator fault |
I
| I
| | I
Variable Broken rotor bars | |
Speed +— | |
Drive {7 | | | |
. . |- Centr;fugal pump
(A0 Cuirent 4' Bearing fault | Coupling |
\r}J) Variac [ ] LEM | ’ | N\
Power supply Voltage| i \
LEM | |
| Bowed rotor |
frequency | |
| L=
Signal
‘ Conditioning I_ - J
| \ X Z
DAQ ‘_L —‘
HMI

Figure 5-2 Schematic of the test rig

5.2.2 Vibration Sensor

B _
| *'}] :_L “% |
]

Air Tank

|
Reservoir

Reciprocating
mechanism

Four general purpose ceramic shear Internal Electronic Piezoelectric (IEPE) accelerometers were used
to measure the vibration on the test rig. Three of these were attached to the induction motor in the
tangential, radial and axial directions. The fourth accelerometer was attached to the loads in the axial

direction.

Table 5-1 The IEPE accelerometer details [137]

Performance parameter Performance value
Sensitivity (x10%) 10.0 mV/g (1.02 mV/(m/s?))
Measurement Range +4900 m/s? pk
Frequency Range (£5%) 0.5t0 10,000 Hz
Frequency Range (+10%) 0.3 to 15,000 Hz
Resonant Frequency >50 kHz
Broadband Resolution 0.005 m/s2 rms

Stud mounting is ideal for measuring high frequency vibrations. However, an adhesive mounting base
was added due to the curved and rough surfaces to which the accelerometers were being attached. The
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adhesive base is made of hard coated aluminium to provide electrical isolation to eliminate ground loops
and to reduce electrical interference that may be propagating from the surface of the test motor [138].

5.2.3 Current and Voltage Transducers

The currents and voltages fed into the motor were measured via LEM modules. The LA 25-NP was used
for current measurement while the LV 25-P was used for voltage measurement. Each phase contains a
voltage transducer and a current transducer which allows for the measurement of the phase current
and the line-to-line voltages.

The LA 25-NP and LV 25-P both provide a good range of linear operation with a linearity error of less
than 0.2%, accuracy of +0.5%, a frequency bandwidth of 0 -150 kHz, high immunity from external
interference, and current overload capability. The voltage is measured by connecting a resistor in series
with the primary circuit of the transducer and measuring the current on the output of the circuit. The
current measured is proportional to the voltage that is being measured. The LV 25-P has of a response
time of less than 4 ps while that of the LV 25-NP is 1 ps. The LA 25-NP has a measuring range of 0 to +36
A and thus can accommodate the high start-up currents in the test motors that can be in the order of
500 - 800% of the rated current. The measuring range of the LV 25-NP is 0 to +400V and can
accommodate the supply voltage of the motors.

The current signals from the LEM sensors are converted to voltage signals via a 200 k() shunt variable
resistor. The signals are calibrated to output voltages within the ranges +10V. The outputs from the
transducers serve as inputs to the low pass filters. A first stage analogue low pass RC filter shown in
Figure 5-3 is used to remove frequencies greater than 12 kHz. This is because the sampling frequency is
set to 25.6 kHz and requires a 100 k() resistor and an 88 nF capacitor.

100kQ

MM A
— Y AV

VAV +

88nF -

S

Figure 5-3 Circuit diagram of the anti-aliasing analogue RC filter [137]

5.2.4  Signal Conditioning and Data Acquisition Hardware devices

The voltage signals from the filter are fed into an NI 9215 module while those from the accelerometers
are fed into an NI 9234 shown in Figure 5-4 and Figure 5-6 below.
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Figure 5-4 NI 9215 module [139]

The NI 9215 is a four-channel signal acquisition module with 16-bit resolution. The analog inputs have
a #10 V measurement range. The four channels can capture up to 100 kS/s per channel. The module is
connected to measure floating differential signals as shown in Figure 5-5 below.

Al+ | :

A O i

Voltage : !
Source : !
T A|_d:) :

1 MQ ! |

Resistor ! .

' NI 9215 with !

COM | Screw Terminal |

Figure 5-5 Connecting a floating differential voltage signal to the NI 9215 [140]
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Figure 5-6 NI 9234 module [141]

The NI 9234, shown in Figure 5-6 above, is a four-channel signal acquisition module for making
measurements from IEPE sensors. The four channels can simultaneously capture signals, via BNC
connectors, at rates of 2 - 50 kHz, and contains built-in anti-aliasing filters that automatically adjust to
the sampling rate. Each channel contains an Al+ and Al- terminal as shown in Figure 5-6(b). The centre
pin of the connector Al+ provides DC excitation to the IEPE sensor so that the input signal is always
positive, while the shell of the connector Al- provides the return path of the DC excitation and the signals’
ground reference. A floating-point connection is used as shown in Figure 5-7 below.

Signal Al+
Source

NI 9234

Figure 5-7 Connecting a floating signal source in NI 9234 module [142]

Both digital and analogue filtering techniques are applied in the card to ensure accurate representation
of in-band signals while rejecting out-of-band signals. The pass-band of the filters is determined by the
sampling rate. The frequency range of the pass-band is about 0.45 - F; and the ADC resolution of the
module is 24 bits.
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5.2.5 DAQ Hardware and Interfacing Software

The N1 9215 and NI 9234 are connected to an NI CompactDAQ-9178. The cDAQ-9178 has 8 slots and 4
counters, and can perform up to 7 tasks simultaneously. The device requires the NI-DAQmx driver to
operate which allows the device to be used in a test system designed in LabVIEW, C/C++, Visual Basic,
.NET, and other programming environments.

5.3 The Test Motors

The test rig comprises of 5 test motors; one of which is healthy, and seven with primary defects, namely:

Bowed Rotor
This motor has its rotor intentionally bent at the centre at 12.7 cm to 25.4 cm.

Faulted Bearings
The bearings of the motor are intentionally faulted with an inner race fault, and an outer race fault.

Broken Rotor Bars
This motor is fitted with intentionally broken rotor bars. Enough material has been removed to expose
3 rotor bars.

Stator Winding Faults

The motor has two windings, with a 4 - 5 voltage difference, which have been tapped to enable adding
an additional load to the winding via an external control box. A 0 - 4 Q variable resistor is used to
introduce varying amounts of resistance in the turn-to-turn short between the windings; high resistance
simulates an insulated winding while low resistance simulates a shorted winding. The motor can be
used as a healthy motor when the control box is disconnected.

5.4 The Test Loads

5.4.1 The Gearbox

The test rig comprises a splash lubricated, three-way gearbox with straight cut (spur) bevel gears shown
in Figure 5-8 below.
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Figure 5-8 Gearbox load

The test gear box uses straight cut gearing as opposed to spiral cut gearing because the former produces
distinct peaks by the gear contact while the latter offers a more gradual wiping action which can detract
from optimum representation [143].

The pinion can be removed and fitted with a faulty one with a known gear defect. The MFS-MG provides
two faulty pinions; one with a chipped tooth and another with a broken tooth, shown in Figure 5-9
below.

(a) Chipped tooth pinion (b) Missing tooth pinion

Figure 5-9 Faulty gearbox pinions
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Table 5-2 Gearbox Data

Ratio 1.5:1
Material Forged steel
Pitch diameter pinion 1.125”
Pitch diameter gear 1.6875”
Number of teeth pinion | 18

Number of teeth gear 27

5.4.2 The Reciprocating Compressor

The MFS-MG test rig also comprises two 1-hp compressors; a healthy one and faulty one. The faulty
compressor has a leaking suction valve, a blocked suction filter, limited opening discharge valve, and an
oversized connecting rod. The kit also comprises a 5-gallon air tank with flow controls, all needed piping
and mounting hardware. The partially blocked discharge valve and the healthy discharge are easily
swapped between the two compressors as required as per the experiment. The blocked suction filter is
also mounted by fitting a cap on the suction end of either compressor as shown in Figure 5-10 below.

(a) Partially blocked discharge valve (b) Healthy discharge valve

Figure 5-10 Reciprocating compressor discharge valves

The reciprocating compressor with a blocked suction and the test-rig setup with the reciprocating
compressor connected as a load are shown in Figure 5-11 and Figure 5-12 respectively.
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Figure 5-12 MFS-MG Test rig set up with the reciprocating compressor and air tank installed
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6. Results and Discussions using
Frequency Domain Techniques

6.1 Introduction

The purpose of this chapter is to compare the performance of MCSA and vibration analysis to identify
faults in an inverter-fed induction motor, gearbox, and reciprocating compressor under steady state
conditions. The stator inter-turn fault, broken rotor bar fault, bearing fault and the bowed rotor fault
are investigated.

6.2 Induction Motor Faults

The test motors were directly coupled to a servo motor to serve as a load and they were linearly ramped
up to a voltage of 190 Volts and a frequency of 50 Hz. 30 seconds of current and vibration data was
captured and the FFT was applied to the data at three different loads which were implemented by
varying the opposing torque exerted by the servo motor.

6.2.1 Stator Inter-turn Fault

4 turns of the motor with the stator winding faults were shorted and the motor was directly coupled to
the servo motor. The current spectrum was plotted and the stator fault frequency was identified using
equation (4-5) with n = 1, and k = 3. The fault frequencies were calculated to occur at 199.76 Hz,
199.34 Hz, and 198.85 Hz for the 0%, 50%, and 100% loads respectively. The 1X and 2X rotational
vibration frequencies are also analysed in the vibration spectrum. The fault frequencies in the current
spectrum are shown in Figure 6-1 and Table 6-1 below.

0% load

T T T T T
Healthy N
4 shorted tums

[dB]

40 - Healthy 1
4 shorted tums
m -60
A=}
-80
-100
195 196 197 198 199 200 201 202 203
100% load
T T T T T
40 - Healthy N

4 shorted tums

-60

[dB]

-80

100 I | | I I I I
195 196 197 198 199 200 201 202 203

Frequency [Hz]
Figure 6-1 FFT of the motor current of the motor at 50% and 100% load showing the stator fault frequency

48



Table 6-1 Amplitude and frequency of the fault frequencies at 0%, 50%, and 100% load

Load Amplitude [dB] Frequency [Hz]
0% -38.29 199.8
50% -59.30 199.3

100% -53.31 198.8

The fault frequencies in the current spectrum were successfully identified at the calculated frequencies
though they are not easily noticeable. This can be attributed to the effect of the inverter harmonics which
make it difficult to locate the fault frequencies [137].

The vibration spectra of the stator windings with emphasis on the 1X and 2X Rotational and Line
frequencies are presented below. Figure 6-2 and Table 6-2 below show the 1X Rotational frequencies.

0 0% load
I " 1X Rotdtional frequén ‘ I L
AENY Healthy
— 4 turns shorted
m -50 N
=
-100 %
45 46 47 48 49 50 51 52 53 54 55
0 50% load
I 1IX Rotationa‘l frequencyL-,-). ‘ I Healllhy
— 4 turns shorted
m 50 Il -
I\
= PRTATARALTIY e wri LN . W (i
I \ WA ?" W \l f I | \ ‘ ]\'- r "l "v (i \’ A
-100 [ I I | | | | | I I ]
45 46 47 48 49 50 51 52 53 54 55
0 100% load
T T > . T T T
1X Rotational frequency Healthy
— 4 turns shorted
m -50
=
-100
45 46 47 48 49 50 51 52 53 54 55

Frequency [Hz]
Figure 6-2 Vibration spectrum of the motor with shorted stator windings showing the 1X Rotational frequency

Table 6-2 Amplitudes and frequencies of the 1X Rotational frequency of the motor with shorted stator turns

Healthy Motor 4 turns shorted
Load Amplitude [dB] Frequency [Hz] Amplitude [dB] Frequency [Hz]
0% -10.52 49.76 -9.16 49.76
50% -10.07 49.34 -4.76 49.34
100% -10.00 48.88 -5.50 48.85
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There is an increase in the amplitudes of the 1X rotational frequencies by 1.36 dB, 5.24 dB, and 4.5 dB
for the 0%, 50% and 100% loads respectively. There is also a reduction in the 1X rotational frequency
as the load is increased.

The 2X Rotational and Line frequencies in the vibration spectrum were also analysed and the results are
presented in Figure 6-3, Table 6-3, and Table 6-4 below.
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Figure 6-3 Vibration spectrum of the motor with shorted stator windings showing the 2X Rotational frequency and the

2X Line frequency

Table 6-3 Amplitudes and frequencies of the 2X Line frequency of the motor with shorted stator turns

Healthy Motor 4 turns shorted
Load Amplitude [dB] Frequency [Hz] Amplitude [dB] Frequency [Hz]
0% -30.95 100.0 -28.22 100.0
50% -33.00 100.0 -30.59 99.95
100% -28.66 100.1 -24.59 100.3

Table 6-4 Amplitudes and frequencies of the 2X Rotational frequency of the motor with shorted stator turns

Healthy Motor

4 turns shorted

Load Amplitude [dB] Frequency [Hz] Amplitude [dB] Frequency [Hz]
0% -30.99 99.49 -30.69 99.51
50% -31.40 98.68 -23.89 98.68

100% -29.27 97.75 -24.55 97.73
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There is also an increase in the amplitude of the 2X Line frequency by 2.73 dB, 2.41 dB, and 4.07 dB, and
an increase of 0.3 dB, 7.51 dB, and 4.72 dB in the 2X Rotational frequency for the 0%, 50%, and 100%
loads respectively. The 2X Line frequency is not influenced by the load since it is not a function of the
load. The 2X Rotational frequency, however, reduces as the load is increased for both the healthy and
faulty motors.

The 2X Line frequency performs well as a tool for detection of the inter-turn fault, especially under
loaded conditions, because the 2X Line frequency is mainly affected the air-gap dissymmetry [42].

The changes in amplitude can be attributed to the fact that stator frame vibration is a function of inter-
turn winding faults, single phasing and supply-voltage unbalance [144].

6.2.2 Broken Rotor Bar Fault

The section discusses the results of the test motor with 3 broken rotor bars. The (1 + 25)f frequencies
are analysed in the current spectrum, and the 1X Rotational frequencies are analysed in the vibration
spectrum. The 2X Rotational frequency was also analysed in the vibration spectrum and they provided
similar results to those observed for the 1X Rotational frequency. The calculated (1 + 2s)f frequencies
are presented in Table 6-5 below.

Table 6-5 Calculated (1 + 2s)f frequencies

Load 1X rotational frequency 1-2s)f 1+ 2s)f

0% 49.76 Hz 49.52 Hz 50.48 Hz
50% 49.34 Hz 48.68 Hz 51.32 Hz
100% 48.88 Hz 47.76 Hz 52.24 Hz

The current spectra of the healthy motor and the motor with the broken rotor bars are presented in
Figure 6-4 and Table 6-6 below.
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Figure 6-4 Current spectrum of the healthy motor and the motor with broken rotor bars showing the sidebands of the
fundamental frequency
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Table 6-6 (1 + 2s)f frequencies and amplitudes from the current spectrum

Healthy [Hz, dB] Broken rotor bars [Hz, dB]

Load (1-2s)f 1+ 2s)f 1 -2s)f 1+ 2s)f
0% 49.00, -68.94 50.51,-45.32 48.90,-56.52 50.54,-38.91
50% 47.36,-63.07 51.32,-46.76 47.12,-53.33 51.44,-38.80
100% 45.51,-64.75 52.25,-50.18 45.19,-49.74 52.44,-45.17

There was a notable increase in the (1 + 2s) f frequencies of the motor with the broken rotor bars. There
were noticeable increments in the other sidebands which have been highlighted in Table 6-7 below.

Table 6-7 Other sidebands frequencies

Load

Healthy [Hz, dB]

Broken rotor bars [Hz, dB]

0%

49.49, -46.14; 50.98, -70.00

49.46,-38.40; 51.07, -55.15

50%

48.68,-46.70; 52.64, -63.12

48.56,-39.19; 52.88, -52.48

100%

47.75,-48.85; 54.49, -67.46

47.58,-42.31; 54.86,-57.94

The (1 £ 25)f frequencies and the sidebands move further away from the fundamental as the load is
increased. This is because the rotational frequency of the motor reduces with the increased load, which
in turn increases the slip.

The vibration spectrum of the motor showing the 1X rotational frequency is presented in Figure 6-5 and

Table 6-8 below.
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Figure 6-5 Vibration spectrum of the motor with the with broken rotor bars showing the 1X rotational frequency
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Table 6-8 Amplitudes and frequencies of the 1X rotational frequency

Healthy Motor Broken rotor bars
Load Amplitude [dB] Frequency [Hz] Amplitude [dB] Frequency [Hz]
0% -10.52 49.76 0.18 49.73
50% -10.07 49.34 0.29 49.27
100% -10.00 48.88 -0.58 48.80

Analysis of the vibration spectrum of the motor with broken rotor bars showed an increase in the
magnitude of the 1X Rotational frequency of 10.7 dB, 10.36 dB, and 9.42 dB at 0%, 50%, and 100% load
respectively. There is also a reduction of the 1X Rotational frequency as the load is increased, as the
speed of the motor reduces.

6.2.3 Bowed Rotor Fault

The bowed rotor fault results in an unequal airgap in the induction motor which leads to eccentricity.
The formulae discussed in section 4.4.1 were used as indicators of eccentricity in the motor. The results
are discussed below. The fault frequencies in the current spectrum were calculated using

f R £1g) (1;5) +v|withk = LR = 34,ng=0,and v

0 and are presented in Table 6-9 below.

Table 6-9 Estimated fault frequencies for the bowed rotor fault under different loads

Load | Estimated frequency
0% 1692.52 Hz

50% 1679.26 Hz

100% 1663.62 Hz

The current spectra of the healthy motor and the motor with the bowed rotor are presented in Figure

6-6 and Table 6-10 below.
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Figure 6-6 Current spectrum showing the fault components of the motor with the bowed rotor at 0%, 50%, and 100%

load
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Table 6-10 Estimated and actual fault frequencies of the motor with the bowed rotor in the current spectrum

Load | Estimated frequency Actual frequency Amplitude
0% 1692.52 Hz 1691 Hz -51.41 dB
50% 1679.26 Hz 1679 Hz -64.13 dB

100% 1663.62 Hz 1663 Hz -56.00 dB

The vibration spectrum of the healthy motor and the motor with the bowed rotor were plotted in Figure
6-7 below and the amplitude of the rotational frequency of the motor was analysed. The results are
tabulated in Table 6-11 below.
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Figure 6-7 Vibration spectrum of the healthy motor and the motor with a bowed rotor at 100% load, 50% load and
0% load showing the 1X frequency

Table 6-11 1X Rotational frequency of the healthy motor and the motor with a bowed rotor at varying loads

Healthy Motor Motor with a bowed rotor
Load Frequency (Hz) | Amplitude (dB) | Frequency (Hz) Amplitude (dB)
0% 49.73 -12.40 49.68 -10.5
50% 49.34 -17.62 49.39 -6.00
100% 48.88 -21.67 48.97 -6.87

There is a general increase in the amplitude of the PSD for the motor with the bowed rotor compared to
that of the healthy motor. The 1X rotational frequency is directly dependant on the loading of the motor
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and increases as the load on the motor is reduced. With the healthy motor, the amplitude of the 1X
rotational frequency increases as the load is decreased.

The 2f; + f, frequencies were also investigated as credible indicators of the bowed rotor fault. The
expected values of the 2f; + f,. frequencies were calculated and the results are shown in Table 6-12

below.

Table 6-12 Calculated 2f; + f,. frequencies at 0%, 50%, and 100% load

Load 2fs+ fr

0% 149.71 Hz
50% 149.39 Hz
100% | 148.97 Hz

The measured 2f; + f, frequencies in the vibration spectrum are shown in Figure 6-8 and Table 6-12

below.
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Figure 6-8 Vibration spectrum of the healthy motor and the motor with a bowed rotor at 0%, 50%, and 100% load

showing the 2f + f,. frequency

Table 6-13 2f; + f,. frequencies from PSD

Load level | Frequency | Amplitude
0% 149.6 Hz -46.32 dB
50% 149.4 Hz -15.89 dB
100% 149.0 Hz -18.05 dB
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There is an increase in the 2f; + f,. frequencies as the load is decreased. This is due to the increase in
rotor frequency, f;, as the load is reduced.

6.2.4

Bearing Fault

i Inner Race Fault

The Ball Pass Frequency of the Inner Race (BPFI) was used to identify inner race fault in the motor. The
BPFI was calculated using the formulae described in section 4.4.4. The frequencies at 100% load, 50%
load and 0% load were calculated using equations (4-6) and (4-7) and the results are shown in Table

6-14 below.

Table 6-14 Calculated BPFI frequencies

Load level Equation (4-6) Equation (4-7)
0% 245.509 Hz 239.520 Hz
50% 242.065 Hz 236.592 Hz
100% 240.589 Hz 235.056 Hz

The vibration spectrum of the motors at 0%, 50% and 100% load were plotted in Figure 6-9 and
prominent spikes were seen at the frequencies shown in Table 6-15.
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Figure 6-9 Vibration spectrum showing the BPFI of the healthy motor and the motor with faulty bearings at 100%,
50% and 0% load
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Table 6-15 BPFI frequencies from the PSD

Load level | Frequency | Amplitude
0% 2449 Hz -13.59 dB
50% 241.8 Hz -15.64 dB
100% 240.4 Hz -17.10 dB

The BPFI frequency is observed to increase as the load on the motor is reduced and the amplitude of
frequency component also increased. The increase in the frequency as the motor load is reduced is
because the BPFI frequency is proportional to the speed of the motor which increases as the load on the

motor is reduced.

iL. Outer Race fault

The Ball Pass Frequency of the Outer Race (BPFO) was used to identify the outer race faulted bearing.
The BPFO was also calculated using the formulae described in section 4.4.4. The frequencies were
calculated using equations (4-6) and (4-7) and the results are shown in Table 6-16 below.

Table 6-16 Calculated BPFO frequencies

Load level Equation (4-6) Equation (4-7)
0% 153.691 Hz 159.680 Hz
50% 151.750 Hz 157.664 Hz
100% 150.826 Hz 156.704 Hz

The vibration spectrum of the healthy and the faulty motors was plotted for the motors loaded at 0%,
50%, and 100% in Figure 6-10 below and the BFPO frequencies were identified as shown in Table 6-17

below.
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Table 6-17 BPFO frequencies from the PSD

Load level | Frequency | Amplitude
0% 145.8 Hz -46.80 dB
50% 144.0 Hz -41.46 dB
100% 143.1 Hz -42.62 dB

The BPFO is also dependant on the speed of rotation of the rotor which increases as the load on the
motor is reduced. There is no particular trend in the amplitude of the BPFO frequency.

The BPFO frequency is not as prominent as the BPFI frequency. This is likely due to the position of the
accelerometers on the motor which were not close enough to the bearings to detect the frequency.

6.2.5  Concluding remarks

Overall, the fault frequencies discussed in section 4.4 were investigated and concluded to be viable
indicators of faults in the induction motors in steady state conditions.

It was easier to observe the inter-turn fault frequencies in the vibration spectrum compared to the
current spectrum. The poor performance of the current spectrum can be attributed to the noise in the
current spectrum from the inverter harmonics.

The broken rotor bar fault was evident in both the current and vibration spectra. The fault was, however,
easier to identify in the current spectrum, especially due to the sideband harmonics that resulted from
the fault.

The bowed rotor fault frequency components were also evident in both the current and vibration
spectra. The fault frequencies in the vibration spectrum, however, were easier to identify as they had
larger amplitudes than those in the current spectrum.

The bearing faults were visible in both the current and vibration spectra, but the fault frequencies in the
vibration spectrum had larger amplitudes and were thus more prominent.
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6.3 Gearbox faults

The gearbox faults discussed in this section are the chipped tooth, the missing tooth and the worn-out
gearbox. These faults are implemented on the pinion of the gearbox and the vertical vibration data of
the gearboxes is captured. The time-domain signal is analysed and the statistical indicators i.e. peak
value, RMS, Crest Factor (CF) and kurtosis of the faulty gearboxes are calculated and compared to those
of the healthy gearbox which is used as the baseline.

The FFT is the applied to the signal and the mesh frequencies and their corresponding sidebands are
compared to those of the healthy gearbox.

The aim is to validate whether the statistical indicators of the vibrations, and the mesh frequencies with
their corresponding sidebands can be used to detect and identify the faults in the gearbox. The pinion
and gear rotational frequencies in the vibration spectrum were also analysed but the results were
inconclusive and are included in the appendix.

In the following experiments, the induction motor is loaded with the gearbox via a pair of V-belt sheaves
and is ramped up to a voltage of 190 Volts and a frequency of 50 Hz over a period of 10 seconds. Axial
vibration data from the gearbox is captured during start-up and also as the gearbox is run in steady
state.

6.3.1  Healthy Gearbox

The vibration signal in the time domain and the corresponding FFT for the healthy gearbox are shown
in Figure 6-11 and Figure 6-12 below. This is used to determine the baseline data for the experiments.
The mesh frequency is calculated using the information in Table 5-2 and the measured rotational
frequency of the motor shaft. The ratio of the diameters of the V-belt sheaves was calculated to be 1.9.
The sidebands due to the pinion and gear occur at frequencies +19.7 Hz and +13.13 Hz from the mesh
frequency, respectively. The estimated fault components are presented in Table 6-18 below.

Table 6-18 Estimated fault components frequencies of the healthy gearbox

Component Frequency
Mesh frequency 354.6 Hz
Left pinion sideband 3349 Hz
Right pinion sideband 374.3 Hz
Left gear sideband 341.8 Hz
Right gear sideband 367.7 Hz

[m/s?]

] 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
Time [s]

Figure 6-11 Raw data captured from the vibration of the healthy gearbox

The statistical indicators of the healthy gearbox vibration data are presented in Figure 6-19 below.
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Table 6-19 Statistical indicators of the healthy gearbox vibration data

Statistical Indicator Value [m/s?]
Peak value (PV) 4774
Root Mean Square (RMS) 0.660
Crest Factor (CF) 7.645
Kurtosis 4.115

The kurtosis of a signal comprising random noise, following a Gaussian distribution, has a kurtosis value
of 3.0. An ideal healthy gearbox would therefore have kurtosis of approximately 3.0 or less [28]. The
kurtosis of the healthy gearbox is observed 1.115 ms-2 more than that of an ideal Gaussian signal.
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Figure 6-12 Vibration spectrum of the healthy gearbox in steady state

The measured fault frequency components are presented in Table 6-20 below.

Table 6-20 Fault components frequencies and amplitudes of the healthy gearbox

Estimated Measured
Component Frequency [Hz] Frequency [Hz] Amplitude [dB]
Mesh frequency 354.6 3535 -36.14
Left pinion sideband 3349 3339 -40.45
Right pinion sideband 374.3 373.1 -42.67
Left gear sideband 341.8 340.4 -40.45
Right gear sideband 367.7 366.6 -49.38

The frequencies observed on the FFT of the steady state vibration signal correspond to those that are
estimated in Table 6-18 with a difference of 1.7 Hz for the mesh frequency.

The vibration data of the accelerometer on the motor was also analysed for the mesh frequencies and
the corresponding sidebands from the gearbox but these could not be identified.

When using the gearboxes as test loads, the sidebands of the mesh, pinion and gear frequencies across
the supply frequencies are also observed and can be used to provide information about the state of the
gearbox [85], [134].

The current spectrum of the motor with the gearbox load and without the gearbox load at the
frequencies defined by equations (4-13) and (4-14) above was also analysed. For the healthy gearbox
scenario, these frequencies are presented below with n = 1. The mesh frequency of the healthy gearbox
was calculated to be 354.6 Hz and the pinion frequency of the healthy gearbox was calculated to be 19.7
Hz. The corresponding estimated fault frequencies are shown in Table 6-21 below.
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Table 6-21 Fault component and the estimated frequencies

Fault component | Frequency [Hz]
fs + fn 404.6
fs+t/ 69.7
fs—fp 30.3

The fault frequencies in the current spectra are presented in Figure 6-13, Figure 6-14, and Table 6-22

below.
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Figure 6-14 Motor current spectrum showing f + f, and f; — f, of the healthy gearbox

Table 6-22 Frequencies and amplitudes of the f + f,,, fs + fp and f,; — f,, frequency components in the motor current

spectrum for the healthy gearbox

Fault component | Estimated frequency [Hz] | Actual Frequency [Hz] | Amplitude [dB]
fs+ fm 404.6 404.3 -47.11
fs+1fp 69.7 69.63 -40.75
fs—fp 30.3 30.42 -41.65
6.3.2  Chipped Tooth Gearbox

This section discusses the results of the gearbox with

the pinion with a chipped tooth. The gearbox used

is identical to the healthy one but for the faulted pinion which has one of its teeth chipped. The vibration

signal of the faulty gearbox and its statistical indicato

Healthy

0.2 0.3
Time [s]

0.1 0.4

rs are shown in Figure 6-15 and Table 6-23 below.

Chipped tooth

0.2 0.3 0.4
Time [s]

0.1

Figure 6-15 Raw data captured from the vibration of the chipped tooth gearbox
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Table 6-23 Statistical indicators of the chipped tooth gearbox vibration data

Statistical Indicator Healthy Chipped tooth
Peak value (PV) 4.774 ms-2 6.118 ms-2
Root Mean Square (RMS) 0.660 ms-2 0.859 ms-2
Crest Factor (CF) 7.645 ms-2 7.132 ms-2
Kurtosis 4.115 ms2 4.746 ms2

The vibrations from the faulty gearbox have more energy than those of the healthy gearbox. Unlike the
healthy gearbox, the gearbox with a chipped tooth has periodic spikes in the time domain that are due
to the impact/backlash resulting from the extra space between the teeth due to the chip.

There is an increase the peak value, root mean square, and kurtosis by 1.344 m/s2,0.199 m/s2,and 0.631
m/s2 respectively. The crest factor decreased by 0.513 m/s2. The increased peak value is due to the
impact of the chipped tooth which also increases the RMS and the kurtosis values.

The vibration spectrum was also analysed with emphasis on the mesh frequencies and the
corresponding pinion and gear sidebands. The results are presented in Figure 6-16 and Table 6-24
below.
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Figure 6-16 Vibration spectrum of the chipped tooth gearbox in steady state showing the mesh frequency and the
corresponding sidebands

Table 6-24 Fault components frequencies and amplitudes of the chipped tooth gearbox

Healthy Chipped tooth
Component Frequency [Hz] | Amplitude [dB] Frequency [Hz] Amplitude [dB]
Mesh frequency 3535 -36.14 351.9 -25.26
Left pinion sideband 333.9 -40.45 332.3 -32.13
Right pinion sideband 373.1 -42.67 371.4 -27.54
Left gear sideband 340.4 -40.45 338.8 -39.90
Right gear sideband 366.6 -49.38 364.9 -37.35

There is an increase in the mesh frequency by 10.88 dB which can be attributed to the backlash from
the chipped tooth discussed in section 4.5.1. The left pinion sideband and right pinion sideband
frequencies increased by 8.32 dB and 15.13 dB respectively. The left gear sideband and right gear
sideband frequencies increased by 0.55 dB and 12.03 dB. The relatively larger increase in the mesh
frequencies and the corresponding pinion sideband frequencies with respect to the gear sideband
frequencies can be attributed to the fact the chipped tooth is located on the pinion [130].

The motor current was then analysed with emphasis on the f; + f;;, and f; t f, frequencies, and the
results are presented in Figure 6-17, Figure 6-18, and Table 6-25 below.
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Figure 6-17 Motor current spectrum showing f; + f,,, of the healthy gearbox and the gearbox with a chipped tooth
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Figure 6-18 Motor current spectrum showing f; + f,, and f; — f,, of the healthy gearbox and the gearbox with the
chipped tooth

Table 6-25 Frequencies and amplitudes of the f + f,,, fs + fp and f; — f, frequency components in the motor current
spectrum for the gearbox with the chipped tooth

Fault Healthy gearbox Chipped tooth gearbox
component Frequency [Hz] | Amplitude [dB] Frequency [Hz] Amplitude [dB]
fs + fm 404.3 -47.11 404.3 -60.09
fs+fp 69.63 -40.75 69.53 -31.74
fs—fp 30.42 -41.65 30.47 -31.17

Although there is a decrease in amplitude of the f; + f;, frequency by 12.98 dB, the amplitudes of the
corresponding right and left pinion sidebands, f; * f,, increased by 9.01 dB and 10.68 dB respectively.

6.3.3  Missing Tooth Gearbox

This section discusses the results of the gearbox with a missing tooth on the pinion. The same gearbox
that was used in the previous section is also used here but the pinion was swapped for one with missing
tooth. The vibration signal in the time domain and its statistical indicators are presented in Figure 6-19
and Table 6-26 below.

Healthy Missing tooth

0 0.1 0.2 0.3 0.4 0 0.1 0.2 0.3 0.4
Time [s] Time [s]
Figure 6-19 Raw vibration data of the gearbox with a missing tooth pinion
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Table 6-26 Statistical indicators of the vibration data of the gearbox with a missing tooth pinion

Statistical Indicator Healthy Missing tooth
Peak value (PV) 4.774 ms-2 8.149 ms-2
Root Mean Square (RMS) 0.660 ms-2 1.444 ms-2
Crest Factor (CF) 7.645 ms2 7.191 ms2
Kurtosis 4.115 ms? 6.579 ms-2

There is evidently more modulation of the time domain signal compared to that of the healthy gearbox
or that of the chipped tooth gearbox. This is because there is more impact/backlash due to the missing
tooth compared to the chipped tooth or the healthy gearbox [130].

There is an increase the peak value, root mean square, and kurtosis by 3.375 m/s2,0.784 m/s2, and 2.464
m/s2. The crest factor decreased by 0.454 m/s2. The magnitudes of the statistical indicators were higher
than those for the gearbox with a chipped tooth as the severity of the fault was increased. There is larger
impact/backlash compared to the chipped tooth which results in higher values of PV and RMS.

The results from the analysis of the vibration spectrum of the gearbox are presented in Figure 6-20 and
Table 6-27 below.
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Figure 6-20 Vibration spectrum of the missing tooth gearbox in steady state showing the mesh frequency and the
corresponding sidebands

Table 6-27 Fault component frequencies and amplitudes of the missing tooth gearbox

Healthy Missing tooth
Component Frequency [Hz] | Amplitude [dB] Frequency [Hz] Amplitude [dB]
Mesh frequency 353.5 -36.14 354.2 -21.19
Left pinion sideband 3339 -40.45 3345 -16.58
Right pinion sideband 373.1 -42.67 373.8 -26.64
Left gear sideband 340.4 -40.45 341.0 -22.23
Right gear sideband 366.6 -49.38 367.3 -37.81

There is an increase in the amplitude of the mesh frequency compared to that of the healthy gearbox by
14.95 dB. The left pinion sideband and right pinion sideband frequencies increase by 23.87 dB and 16.03
dB respectively. The left gear sideband and right gear sideband frequencies increased by 18.22 dB and
11.57 dB respectively.

Similar to the observations in the previous section, the pinion sidebands had a larger increase with
respect to the gear sidebands and can be attributed to the fault being located on the pinion. The
amplitudes of the mesh frequencies and the corresponding sidebands are also higher than the
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corresponding frequencies measured in section 6.3.2. This can be attributed to the increased severity of
the fault.

The motor current spectrum was also analysed and the results are presented in Figure 6-21, Figure 6-22,

and Table 6-28 below.
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Figure 6-21 Motor current spectrum showing f + f,, of the healthy gearbox and the gearbox with a missing tooth
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Figure 6-22 Motor current spectrum showing f; + f,, and f; — f,, of the healthy gearbox and the gearbox with the
missing tooth pinion

Table 6-28 Frequencies and amplitudes of the f + f,,, fs + fp and f; — f, frequency components in the motor current
spectrum for the gearbox with the missing tooth pinion

Fault Healthy gearbox Missing tooth gearbox
component Frequency [Hz] | Amplitude [dB] Frequency [Hz] Amplitude [dB]
fs+ fn 404.3 -47.11 404.4 -47.61
fs+fp 69.63 -40.75 69.70 -33.33
fs—fp 30.42 -41.65 30.32 -28.09

The amplitude of the f; + f;,, frequency decreased by 0.5 dB, while that of the corresponding right and
left pinion sideband frequencies, f; * f, increased by 7.42 dB and 13.56 dB respectively.

6.3.4 Worn-out Gearbox

This section discusses the results from the gearbox with worn-out teeth. The test gearbox was replaced
with a gearbox with worn-out teeth. The vibration signal in the time domain and its statistical indicators
are shown in Figure 6-23 and Table 6-29 respectively.

Healthy Worn-out teeth

0 0.1 0.2 0.3 0.4 0 0.1 0.2 0.3 0.4
Time [s] Time [s]
Figure 6-23 Raw data captured from the vibration of the gearbox with the worn-out teeth
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Table 6-29 Statistical indicators of the vibration data of the gearbox with worn-out teeth

Statistical Indicator Healthy Worn-out teeth
Peak value (PV) 4.774 ms-2 9.358 ms-2
Root Mean Square (RMS) 0.660 ms-2 1.053 ms-2
Crest Factor (CF) 7.645 ms-2 8.887 ms-2
Kurtosis 4.115 ms2 4.169 ms-2

There is evidently more energy in the vibration signal of the worn-out gearbox compared to the healthy
one. This is attributed to the increased backlash within the gearbox teeth as a result of the wear [130].
There is an increase the peak value, root mean square, and kurtosis by 4.584 m/s2,0.393 m/s2, and 0.054
m/s2. The crest factor also increased by 1.242 m/s2

The results and analysis of the vibration spectrum are presented in Figure 6-24 and Table 6-30 below.
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Figure 6-24 Vibration spectrum of the worn-out tooth gearbox in steady state showing the mesh frequency and the
corresponding sidebands

Table 6-30 Fault components frequencies and amplitudes of the worn-out tooth gearbox

Healthy Worn-out teeth
Component Frequency [Hz] | Amplitude [dB] Frequency [Hz] Amplitude [dB]
Mesh frequency 3535 -36.14 352.0 -21.99
Left pinion sideband 333.9 -40.45 332.3 -34.11
Right pinion sideband 373.1 -42.67 371.3 -41.10
Left gear sideband 340.4 -40.45 339.5 -40.90
Right gear sideband 366.6 -49.38 365.0 -43.20

The mesh frequency of the worn-out gearbox compared to the healthy gearbox increased by 14.15 and
the left and right pinion sidebands increased by 6.34 dB and 1.57 dB respectively. The left gear sideband
decreased by 0.45 dB and the right gear sideband increased by 6.18 dB.

The f; + f,,, frequency of the worn-out gearbox was also investigated but could not be identified in the
current spectrum. The results are presented in the appendix.

6.3.5  Concluding Remarks

The peak value, RMS and kurtosis of the faulty gearboxes was always higher than that of the healthy
gearbox. The magnitudes of the peak value, RMS and kurtosis of the missing tooth gearbox were higher
than that of the chipped tooth gearbox which reflected the increased severity of the fault. The kurtosis
increases as the signal becomes less of a Gaussian distribution due to the impulses generated from the
faulty gears [43]. Unlike the chipped tooth fault and the missing tooth fault, the crest factor of the worn-
out gearbox was less than that of the healthy gearbox.
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The peak value of the time signal may present a false positive in case of an isolated spike from a non-
fault related source. To improve the credibility of peak value, it could be calculated after shorter time
periods and a warning signal only applied in the case of a consistent variation of the peak value. The
RMS however is not sensitive to isolated peaks of a short duration. It is a good indication of the overall
condition of the gearbox but cannot be used to identify the type of fault. The performance of CF is closely
related to that of the PV and the RMS; without reliable values of the PV and the RMS, CF cannot be used.
Kurtosis, however, a good indicator of the existence of discrete gearbox fault such as the chipped tooth
or the missing tooth. However, proper choice of thresholding parameters is important for the detection
of the fault. Kurtosis is not a good indicator for a distributed fault like the worn-out gears.

The mesh frequency increased for the three faults that were investigated. The mesh frequency of the
missing tooth gearbox was higher than that of the missing tooth gearbox which could be attributed to
the increased severity of the fault. There was also an increase in the pinion sideband frequencies of the
missing tooth gearbox compared to the chipped tooth gearbox. The changes in the pinion sideband
frequencies can be attributed to the location of the fault on the gearbox pinion[130]. The worn-out
gearbox only showed a relatively large increased in the mesh frequency and the left pinion sideband.
The mesh and sideband frequencies are good indicators to distinguish between discrete and distributed
faults. The location of the fault can also be predicated by observation of the sideband frequencies. The
discrete faults will affect the amplitude particular frequencies in the FFT in a manner similar to the
variations of the pinion sideband frequencies observed above. Distributed faults, however, cause a much
more significant increase in the mesh frequencies relative to the pinion frequencies. These faults
however could not be observed from the vibration spectrum of the motor. This can be attributed to the
small amplitudes of the vibrations and the interference from other vibrations on the test rig.

The amplitudes of f; + f,,, frequencies of the faulty gearboxes all decreased while the amplitudes of the
fs T fp frequencies increased for the gearboxes with the discrete faults. MCSA worked very well for the

discrete faults especially at the f; + f, frequencies making this a plausible indicator of the presence of a

discrete fault on the gearbox. However, overall, the use of the vibration spectrum of the gearbox
vibrations performed better than the current spectrum to identify the faults on the gearbox.

Ultimately, the use of MCSA to identify the faults in the gearbox performed better than using the motor

vibration spectrum to identify the faults on the gearbox. But the use of the gearbox vibration spectrum
performed better than the MCSA. MCSA can be used to identify the discrete gearbox faults.
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6.4 Reciprocating Compressor faults

The following section presents the results from the experiments conducted with the reciprocating

compressors as the testloads. The vibrations obtained were from an accelerometer placed on the head

of the compressor. The signals captured are essentially a combination of the responses to [30]:

(i) Flow induced vibrations such as those that occur when airflow interacts with valves or other
parts of the system to cause periodic oscillations in the flow.

(i) Vibration due to the valve plate hitting its seat when opening and closing.

Similar to the previous section, the time-domain statistical indicators of the healthy compressor are

calculated and used as a baseline data. The FFT is also calculated and the piston frequency and its

harmonics are also analysed.

The aim is to investigate the ability of the statistical indicators and the FFT of both the current and

vibrations of the motor and reciprocating compressor to detect and identify faults in the compressor

during steady state operation. The use of the motor vibrations and motor current to reliably identify the
fault is also compared.

6.4.1  Healthy Compressor

The healthy compressor was fitted as the test load and run under steady state conditions for 30 seconds
with the air-tank at 70 psi and 0 psi. The time domain signal and its corresponding statistical indicators
are presented in Figure 6-25 and Table 6-31 below.
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Figure 6-25 One cycle of raw vibration data of the compressor with the normal sized rod at 70 psi and 0 psi

Table 6-31 Statistical indicators of the healthy compressor vibration data

Statistical Indicator

Air-tank at 70 psi

Air-tank at 0 psi

[m/s?] [m/s?]
Peak value (PV) 4.740 8.720
Root Mean Square (RMS) 0.627 0.810
Crest Factor (CF) 7.932 11.673
Kurtosis 5.781 16.831

There is a decrease in the statistical indicators of the vibration signals when the pressure in the air-tank
is increased. The peak value, RMS and kurtosis all decrease by 3.98 m/s?, 0.813 m/s?, and 11.05 m/sz2.
This can be attributed to the increased pressure on the air-tank side which leads to less displacement of

the valve plate. The kurtosis values of >3 are indicative of the presence of the periodic spikes in the time-
domain.
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The vibration spectrum of the compressor is also analysed with emphasis on the piston frequency and
its harmonics. The vibration data from the compressor accelerometer and that from the motor
accelerometer were both analysed. The results and analysis are presented in Figure 6-26 and Table 6-32
below.
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Figure 6-26 Vibration spectrum of healthy compressor at 70 psi and 0 psi using the compressor accelerometer data

Table 6-32 Amplitudes and vibrations of the piston frequencies and their harmonics for the healthy compressor using
the compressor accelerometer data

Air-tank pressure | XPiston frequency | Frequency [Hz] Amplitude [dB]
1X 6.15 -40.24
70 psi 2X 12.30 -35.69
1X 6.20 -26.65
0 psi 2X 12.43 -27.99

There is a reduction of 13.59 dB and 7.7 dB in the amplitudes of the 1X and 2X piston frequency
respectively when the pressure in the air-tank was increased from 0 psi to 70 psi. The valves in the
compressor open and close periodically (at piston frequency) and the amplitudes of the piston
frequency in the FFT reflect the reduction in the displacement of the valves as the pressure in the air-
tank is increased.

The vibration spectrum of the motor was also analysed for the piston frequencies of the reciprocating
compressor and these are presented in Figure 6-27 and Table 6-33 below.
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Figure 6-27 Vibration spectrum of the motor showing the piston frequency of the reciprocating compressor and its

harmonics

Table 6-33 Amplitudes and frequencies of the 1X and 2X piston frequencies of the healthy compressor vibrations from

the motor's accelerometer

Air-tank X Piston Frequency [Hz] | Amplitude [dB]
pressure frequency
1X 6.15 -56.85
70 psi 2X 12.30 -57.16
1X 6.20 -54.77
0 psi 2X 12.43 -56.16

Similar to the observations from the accelerometer on the compressor, the amplitudes of the 1X and 2X
piston frequencies decreased when the pressure in the air-tank was increased from 0 psi to 70 psi.

The motor current was also analysed with emphasis on the piston frequency sidebands of the supply
frequency, f; + nf,.. The results are presented in Figure 6-28 and Table 6-34 below.
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Figure 6-28 Current spectrum of the motor showing the f_+ nf  frequencies for n = 1, 2 with and without a healthy

compressor connected as a load
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Table 6-34 Amplitudes and frequencies of the f_  + nf _ frequencies for n = 1,2 of the healthy motor with the healthy

compressor connected as a load

Air-tank pressure Piston frequency Frequency [Hz] Amplitude [dB]

fs—fr 53.83 4.88

70 psi fs+ 1~ 66.16 -1.95
fs—2f, 47.68 5.88

fs+2-f, 72.31 0.63

fs—fr 53.78 -8.25

0 psi fs+fr 66.21 -14.40
fs—2f, 47.56 -5.89

fs+2-f, 72.44 -10.07

The amplitudes of the 1X and 2X piston frequencies increased when the air-tank pressure was increased

from O psi to 70 psi.

6.4.2

Partially Blocked Discharge Fault

The healthy compressor was fitted with a partially blocked discharge valve and run under steady state
conditions. 30 seconds of vibration data was captured with the pressure in the air-tank at 70 psi and 0
psi. The vibration signals in the time domain and their corresponding statistical indicators are presented

in Figure 6-29 and Table 6-35 respectively.
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Figure 6-29 One cycle of raw vibration data of the healthy compressor with the normal sized rod at 70 psi and 0 psi

Table 6-35 Statistical indicators of the vibration data of the compressor with a partially blocked discharge

Healthy Partially blocked discharge
Statistical Indicator 70 psi Value 0 psi Value 70 psi Value 0 psi Value
[m/s?] [m/s?] [m/s?] [m/s?]
Peak value (PV) 4.740 8.720 6.979 11.293
Root Mean Square (RMS) 0.627 0.810 0.662 0.946
Crest Factor (CF) 7.932 11.673 10.536 15.049
Kurtosis 5.781 16.831 7.184 29.585

The results obtained are similar to those observed in the previous section in that all the statistical
indicators of the vibration signals reduced in magnitude when the pressure in the air-tank increased to
70 psi. The peak value, RMS, Crest Factor and kurtosis had a reduction of 4.314 m/s?, 0.284 m/s2, 4.513
m/s?, and 22.401 m/s2.
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However, the statistical indicators of the vibration signals of the faulty compressor are higher than those
of the healthy compressor. This can be attributed to the increased pressure in the cylinder due to the
constricted flow of air through the discharge valve which increases the displacement of the valve plate.
The increased pressure in the cylinder also results increased mechanical impact at TDC and BDC [63].
The variations in the statistical indicators from the baseline data are shown in Table 6-36 below.

Table 6-36 Variations in the statistical indicators of the vibration data of the compressor with a partially blocked

discharge

Statistical Indicator 70 psi Value [m/s2] | 0 psiValue [m/s?]
Peak value (PV) 2.239 2.573
Root Mean Square (RMS) 0.035 0.136
Crest Factor (CF) 2.604 3.376
Kurtosis 1.403 12.754

The results from the analysis of the vibration spectrum with the air-tank pressure at 70 psi and at 0 psi
are presented in Figure 6-30 and Table 6-37 below.
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Figure 6-30 FFT of vibrations from the compressor accelerometer showing the 1X and 2X piston frequencies of the
healthy compressor and the compressor with a partially blocked discharge valve at 70 psi and 0 psi

Table 6-37 Amplitudes and vibrations of the piston frequencies and their harmonics for the compressor with a
partially blocked discharge valve from the compressor accelerometer

Partially blocked
Air-tank Piston Healthy discharge Difference
pressure frequency | Frequency | Amplitude | Frequency | Amplitude | Amplitude
[Hz] [dB] [Hz] [dB] [dB]
1X 6.15 -40.24 6.15 -37.96 2.28
70 psi 2X 12.30 -35.69 12.30 -34.37 1.32
1X 6.20 -26.65 6.20 -18.32 8.33
0 psi 2X 12.43 -27.99 12.4 -19.22 8.77
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With the air-tank pressure at 70 psi, the amplitudes of the 1X and 2X piston frequencies increased for
the compressor with the partially blocked discharge valve. However, there was a slight increase in the
amplitudes of the 1X and 2X piston frequencies with the air-tank pressure at 70 psi compared to that
when the air-tank pressure was at 70 psi. There is also a decrease in the amplitudes of the 1X and 2X
piston frequencies as the pressure in the air-tank is increased from 0 psi to 70 psi.

The vibration spectra from the motor’s accelerometer are presented in Figure 6-31 and Table 6-38
below.
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Figure 6-31 FFT of vibrations from the motor accelerometer showing the 1X and 2X piston frequencies of the healthy
compressor and the compressor with a partially blocked discharge valve at 70 psi and 0 psi

Table 6-38 Amplitudes and vibrations of the piston frequencies and their harmonics for the compressor with a
partially blocked discharge valve from the motor’s accelerometer

Partially blocked
Air-tank Healthy discharge Difference
pressure Frequency | Frequency | Amplitude | Frequency | Amplitude | Amplitude
[Hz] [dB] [Hz] [dB] [dB]
1X 6.15 -56.85 6.15 -56.73 0.12
70 psi 2X 12.30 -57.16 12.30 -56.28 0.88
1X 6.20 -54.77 6.20 -53.58 1.19
0 psi 2X 12.43 -56.16 12.40 -56.04 0.12

Similar to the observations from the accelerometer on the compressor, the 1X and 2X piston frequency
amplitudes increased slightly at 70 psi compared to the increases in amplitude with the air-tank
pressure at 0 psi.

The results from the analysis of the current spectrum are also presented in Figure 6-32 and Table 6-39
below with emphasis onthe f; — f,, fs + f, fs — 2 f,- and f; + 2 - f;- frequencies.
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Figure 6-32 Current Spectrum of the healthy compressor and the compressor with a partially blocked discharge valve
under steady state conditions showing the f + f, frequencies with air-tank pressure of 70 psi and 0 psi

Table 6-39 Amplitudes and frequencies of the f; + nf,. frequencies for n = 1,2 with the air-tank pressure at 70 psi and
0 psi

Partially blocked
Air-tank Frequency Healthy discharge Difference
pressure Frequency | Amplitude | Frequency Amplitude Amplitude
[Hz] [dB] [Hz] [dB] [dB]
fs— [~ 53.83 4.88 53.86 4.72 -0.16
70 psi fs+ /[~ 66.16 -1.95 66.16 -2.12 -0.17
fs—2-f, 47.68 5.88 47.68 5.10 -0.78
fs+2-f, 72.31 0.63 72.31 0.10 -0.53
fs—FIr 53.78 -8.25 53.81 -10.12 -1.87
0 psi fs+ /[~ 66.21 -14.40 66.21 -15.84 -1.44
fs—2-f, 47.56 -5.89 47.58 -5.11 0.78
fs+2-f, 72.44 -10.07 72.41 -9.77 0.30

The amplitudes of the f; + f,. frequencies for the scenario with the faulty compressor were less than that
of the scenario of the healthy compressor. The f; + 2 - f, frequencies, however, were inconsistent;
decreasing for the faulty scenario when the air-tank pressure was 70 psi and increasing for the faulty
scenario when the air-tank pressure was 0 psi.

6.4.3 Blocked Suction Fault

The suction of the reciprocating compressor was blocked, as described in section 5.4.2, cutting off air
supply to the cylinder. 30 seconds of data was captured and the analysis is presented below. This was
only performed with the air-tank pressure at 0 psi as a precautionary measure. The vibration signal in
the time domain and its corresponding statistical indicators are shown in Figure 6-33 and Table 6-40
respectively.
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Table 6-40 Statistical indicators of the vibration data of the compressor with a blocked suction

Statistical Indicator Healthy at 0 psi Blocked suction
[m/s?] [m/s?]
Peak value (PV) 8.720 7.302
Root Mean Square (RMS) 0.810 0.681
Crest Factor (CF) 11.673 10.724
Kurtosis 16.831 11.672

The vibration signals observed in the time domain occur in shorter spats compared to those observed
for the normal compressor. Unlike the partially blocked discharge fault, the blocked suction fault has a
reduction in the statistical indicators of the vibration data. The peak value, RMS, crest factor and kurtosis
each decrease by 1.418 m/s?, 0.129 m/s?, 0.949 m/s?, and 5.159 m/s2.

The results from the analysis of the vibration spectrum of the compressor using the compressor
accelerometer data are presented in Figure 6-34 and Table 6-41 below.
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Figure 6-34 Vibration spectrum from the compressor accelerometer of the blocked suction compressor with the
normal sized rod at 0 psi

Table 6-41 Amplitudes and vibrations of the piston frequencies and their harmonics for the compressor with a blocked
suction observed from the compressor accelerometer

Healthy Blocked suction
X Piston frequency Frequency Amplitude Frequency Amplitude
[Hz] [dB] [Hz] [dB]
1X 6.20 -26.65 6.20 -30.88
2X 12.43 -27.99 12.43 -59.97

The blocked suction fault saw a reduction in the amplitude of the 1X Piston frequency by 4.23 dB while

the amplitude of the 2X Piston frequency decreased by 31.98 dB. This is a reflection of the shorter time
span of the vibrations observed in the time domain.

The results from the analysis of the vibration spectrum of the compressor using the motor
accelerometer data is presented in Figure 6-35 and Table 6-42 below.
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Figure 6-35 Vibration spectrum from the motor accelerometer of the blocked suction compressor with the normal
sized rod at 0 psi

Table 6-42 Amplitudes and vibrations of the piston frequencies and their harmonics for the compressor with a blocked
suction observed from the motor accelerometer

Healthy Blocked suction
Piston Frequency Amplitude Frequency Amplitude
frequency [Hz] [dB] [Hz] [dB]
1X 6.20 -54.77 6.20 -60.04
2X 12.43 -56.16 12.38 -72.95

For the compressor with a blocked suction, there was a decrease in the amplitude of the 1X piston
frequency by 5.27 dB and a reduction of 16.79 dB in the amplitude of the 2X piston frequency.

The current spectrum of the motor was also analysed and the results are presented in Figure 6-36 and
Table 6-36 below.
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Figure 6-36 Current Spectrum of the motor current under steady state conditions showing the f; + nf, frequencies
(n = 1, 2) with the healthy compressor connected and with the compressor with the blocked suction connected
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Table 6-43 Amplitudes and frequencies of f; + nf, frequencies (n = 1, 2) of the healthy motor current with the healthy
compressor connected and with the blocked suction connected

Healthy Blocked suction
Component Frequency [Hz] | Amplitude [dB] | Frequency [Hz] | Amplitude [dB]
fs—fr 53.78 -8.25 53.81 -1.60
fs + fr 66.21 -14.40 66.19 -4.36
fs—2-f 47.56 -5.89 47.61 -9.58
fs+2-f; 72.44 -10.07 72.39 -14.60

The amplitudes of the f; + f,- and f; — f, frequencies increased by 6.65 dB and 10.04 dB respectively
while the amplitudes of the f; — 2 f, and f; + 2 - f,. frequencies decreased by 3.69 dB and 4.53 dB
respectively.
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6.4.4 Concluding Remarks

The PV, RMS, and kurtosis of the vibration signals all decreased when the pressure in the air-tank was
increased. This is observed in both the healthy compressor and the compressor with the partially
blocked discharge valve. This can be attributed to the opening/closing of the discharge valve [63].
However, the PV, RMS, and kurtosis of the vibration signals increased when the discharge of the
compressor was partially blocked. This can be attributed to the increased pressure in the cylinder due
to the constricted air-flow.

The blocked suction fault, however, led to reduction in the PV, RMS, and kurtosis of the vibration signals.
This can be attributed to the reduced pressure in the cylinder which leads to a reduction in the
displacement of the discharge valve and the impact of the piston at TDC and BDC [63].

Similar to the observations in 6.3.5, the PV may present a false positive if not carefully evaluated. The
RMS value did not change much for either fault and is therefore not a credible indicator of the existence
of either of the investigated faults. The lack of the credibility with the PV and RMS makes the CF a poor
parameter for detection of the compressor faults. The kurtosis, however, varied significantly with the
healthy and faulty compressors. It increased especially with the blocked suction fault because of the
shorter durations of the prominent vibration signals. The kurtosis could therefore be used as an
indicator of the pressure in the compressor and therefore as an indicator of the existence of a fault.
However further analysis of the compressor is still required to identify the fault and careful choice of
the thresholding parameters is imperative.

The amplitudes of the 1X and 2X piston frequencies reduced for the compressor with the partially
blocked discharge valve increased with the air-tank at 70 psi and 0 psi. However, it increased
significantly with the air-tank pressure at 0 psi. The changes in amplitude were less when the vibration
data was taken from the motor’s accelerometer compared to when it was taken from the compressor’s
accelerometer. The partially blocked discharge fault showed a consistent reduction in the amplitude of
the f; £ f, frequencies, but the changes in amplitude were much less than those of the 1X and 2X piston
frequencies observed in the vibration spectrum. The f; + 2 - f,, harmonic frequencies were inconsistent
and the results suggest that they should not be used as indicators of the partially blocked discharge fault.
The vibration spectrum was a much better option for the identification of the partially blocked discharge
valve fault especially under conditions of low air-tank pressure.

The amplitudes of the 1X and 2X piston frequencies of the compressor with the blocked suction both
reduced; the decrease in the amplitude of the 2X piston frequency was significantly larger than that of
the 1X piston frequency. This was observed in the vibration spectrum of both the data from the
accelerometers on the motor and compressor. The blocked suction fault also showed an increase in the
amplitudes of the f; + f,. frequencies and an increase in the amplitudes of the f; + 2 - f,. frequencies
though the changes in amplitude were not as large as those from the vibration spectrum.

Ultimately, the vibrations from the motor and the motor current both performed well when used for the
identification of the faults on the motor.
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7. Results and Discussion for Start-up

Conditions

7.1 Introduction

This section presents the results from the DWT on the test motors during start up. The sampling
frequency is set to 25.6 kHz, but the signal is downsampled by a factor of 3 to 8,533.33 Hz to alter the
DWT bands for better observation of the transition of the frequency components. The signal is then
decomposed to 10 levels, shown in Table 7-1, after which the transition of the required frequencies is
traced based on their expected evolution characteristics like was done in [82].

Table 7-1 DWT Decomposition levels

Level Frequency band (Hz)
D1 2133.33-4266.67
D2 1066.67 - 2133.33
D3 533.33-1066.67
D4 266.67 - 533.33
D5 133.33 - 266.67
D6 66.66 - 133.33
D7 33.33-66.66
D8 16.66 - 33.33
D9 8.33-16.67
D10 417 -8.33

Approximation 0-4.17

7.2 Induction Motors

The raw data of the healthy motor current and vibrations are shown in Figure 7-1 below, and the
evolution of the signature fault frequencies that will be also investigated in this chapter is shown in

Figure 7-2.
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Figure 7-1 Raw data of the current and vibration signals of the healthy motor during start-up
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Figure 7-2 Progression of the fault frequency components during start-up

7.2.1 Stator Inter-turn Fault

Four turns of the motor with the inter-turn faults were shorted and the motor was ramped up to a
voltage of 190 Volts and a frequency of 50 Hz over a period of 10 seconds. The vibration signal in the
time domain is shown in Figure 7-3 below.

Healthy Shorted stator turns

Time [s] Time [s]
Figure 7-3 Raw current data of the motor with shorted stator turns during start-up

The f; (g 1-s)+ k) frequency component, withn = 2 and k = 3, was used to identify the shorted

stator turn fault in the motor current and the 2X rotational and 2X line frequencies were used to identify
the fault in the vibrations. The locations of the signals in the time domain of the DWT are estimated using
Figure 7-2. Analysis of the motor under steady-state conditions revealed the fault frequency at 198.85
Hz. The DWT of the motor current showing the progression of the fault through the frequencies 66.67
Hz to 266.67 Hz is shown in Figure 7-4 below.
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Figure 7-4 DWT of the motor current with shorted stator turns showing the progression of the stator fault frequency
Similar to the observations under steady-state conditions in section 6.2.1, there is no significant change

in the energy in the frequency bands through which the fault frequencies traverse.

The DWT of the vibration signal showing the progression of the 2X rotational and 2X line frequencies is
also shown in Figure 7-5 below.
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Figure 7-5 DWT of the motor vibrations with shorted stator turns showing the progression of the 2X rotational and 2X
line frequencies

The results obtained are also similar to those obtained under steady-state conditions; there is an evident

increase the energy in the frequency bands through which the 2X Rotational and 2X Line frequencies
traverse for the motor with shorted stator turns.

7.2.2 Broken Rotor Bar Fault

The motor with 3 broken rotor bars was loaded with the servo-motor drive and the load was set to
100%. It was ramped up to a voltage of 190 Volts and a frequency of 50 Hz over a 10 second period and

then the DWT was applied to the axial vibration signal. The motor current signal in the time domain is
shown in Figure 7-6 below.

Current [A]
Current [A]

Time [s] Time [s]
Figure 7-6 Raw current data of the healthy motor and the motor with 3 broken rotor bars in the time domain
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The DWT of the current and vibration signals of the motor were analysed for the broken bar fault. The
(1 £ 2s)f frequencies were used identify the fault in the current while the 1X and 2X rotational
frequencies were used to identify the faults in the vibration signal. The (1 —2s)f and (1+
2s)f frequencies were observed at 45.19 Hz and 52.44 Hz under steady-state conditions.

The DWT of the motor current is presented in Figure 7-7 below.
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Figure 7-7 DWT of the start-up current signals of the healthy motor and the motor with 3 broken rotor bars showing
the progression of the (1 + 2s)f frequencies

There is an increase in the energy in the frequency bands of the motor with the broken rotor bars,
particularly in the 33.33 - 66.67 Hz frequency band where the sidebands settle.

The vibration data of the motor during the transient conditions was also analysed and the results are

presented in Figure 7-8 below.
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Figure 7-8 Raw vibration data of the healthy motor and the motor with 3 broken rotor bars

The DWT of the motor vibrations showing the progression of the 1X and 2X rotational frequencies is

shown in Figure 7-9 below.
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Figure 7-9 DWT of the start-up vibration signals of the healthy motor and the motor with 3 broken rotor bars showing
the progression of the 1X and 2X rotational frequencies

Analysis of the DWT of the start-up signal shows increased energy in the frequency bands through which
the 1X and 2X rotational frequencies traverse. This is in line with the observations in section 6.2.2 in
which it was observed in the FFT of the steady state signals of the healthy motor and the motor with 3
broken bars that the amplitudes at the 1X and 2X rotational frequencies increased in the vibration
spectrum and the amplitudes of the (1 + 2s)f frequencies increased for the motor with the broken rotor
bars.

7.2.3  Bearing Fault

The motor with the bearing faults was loaded with the servo-motor and ramped up to 190 Volts and a
frequency of 50 Hz. The progression of the BPFI and BPFO frequencies that was plotted in Figure 7-2.
The vibration signals of the healthy and faulty motors during start-up, in the time domain, are shown in
Figure 7-10 below.
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Figure 7-10 Raw vibration data of the healthy motor and the motor with faulty bearings during start-up

Similar to the observations under steady-state conditions, the DWT of the vibration data performed
better than that of current and is presented below with the BPFO and BPFI frequencies highlighted. The
BPFO and BPFI frequencies were identified at 143.1 Hz and 240.4 Hz respectively under steady state
conditions. The DWT of the vibration signals of the healthy and faulty motors showing the progression
of the BPFO and BPFI frequencies is shown in Figure 7-11 below.
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Figure 7-11 DWT's showing the BPFI and BPFO frequencies from the motor vibrations during start-up

For the motor with the faulted bearings, there is an evident increase in the energy in the frequency bands
through which the BPFO and BPFI frequencies traverse. The same was observed when the DWT was
applied to the motor current, however, there was a more significantincrease in the DWT of the vibration.

7.2.4 Bowed Rotor Fault

The healthy motor and the motor with the bowed rotor were loaded with the servo motor and the
motors were linearly ramped up to 190 Volts and a frequency of 50 Hz. The vibration signals of the
healthy and faulty motors, in the time domain, are shown in Figure 7-12 below.
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Figure 7-12 Raw vibration data of the healthy motor and the motor with the bowed rotor

The DWT of the vibration data performed better than that of the current data and is plotted in Figure
7-13 below. The progression of the 2f; + f,. and 2X rotational frequencies are shown below. The 2f; +
fr and 2X rotational frequencies were identified at 148.97 Hz and 48.97 Hz respectively under steady-
state conditions.
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For the motor with the bowed rotor, there is an evident increase in the energy in the frequencies through
which the 2f; + f, and 2X rotational frequencies traverse; similar to the observations in section 7.2.4.

7.2.5

The use of the DWT to identify the stator inter-turn, broken rotor bar, bearing and bowed rotor faults
was successful. The results obtained were similar to those obtained under steady-state conditions. The
DWT of the motor vibrations performed better than that of the motor current for all the faults. This can
be attributed to the noise from the inverter harmonics which deteriorates the performance of the DWT
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Concluding Remarks

of the motor current [137].

The DWT of the motor current, however, was able to identify the faults for the broken rotor bar, both

Time [s]
Figure 7-13 DWT's showing the 2f + f, and 2X rotational frequencies from the motor vibrations during start-up

with and without the Hilbert transform, as well as the bearing and bowed rotor faults.
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7.3 Gearboxes

7.3.1 Introduction

The vibration signals are captured at a 25.6 kHz during start-up and processed in Matlab 2015b. The
drive is configured to ramp up linearly to 50 Hz over a period of 10 seconds with the Volts/Hz ratio kept
constant.

The use of the Discrete Wavelet Transform was investigated to identify the gearbox faults during soft
start-up using an inverter. The mesh frequency of the gearbox and its associated sidebands from the
frequency of the faulty component were identified in section 6.3 as frequency components that can be
used to identify the discrete faults in the gearbox. The evolution of the mesh frequency and the pinion
frequency sidebands are analysed during the start-up conditions. The vibration signal of the healthy
gearbox, in the time domain, during start-up is shown in Figure 7-14 below.

Time [s]
Figure 7-14 Raw vibration data from the healthy gearbox during start-up

During the first 2.7 seconds of start-up, there is very little vibration as the system overcomes inertia. As
the rotor starts to rotate after 2.7 seconds the amplitude of the vibrations increases as the voltage and
frequency applied to the motor is increased. A similar trend is observed with the faulty gearboxes below.

Figure 7-15 below shows the theoretical evolution of the gearbox mesh frequency and the pinion
frequency sidebands of the gearbox mesh frequencies.
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Figure 7-15 Theoretical evolution of the gearbox mesh frequency and the shaft frequency sidebands
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The evolution of the mesh frequencies and the corresponding pinion frequency sidebands were
estimated using the shaft frequency of the motor during start-up whilst loaded with a servo motor drive
and were plotted in Figure 7-16 below.
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Figure 7-16 Evolution of the frequency components during start-up

The energy of the DWT coefficients was calculated using the equation below. These are listed in the
Appendix.

N
Energy = Z|Cn|2 (7-1)
n=0
Where C is the nth coefficient and N is the total number of coefficients.

7.3.2  Chipped Tooth Gearbox

The following section discusses the results obtained from the gearbox fitted with the pinion with
chipped tooth during start-up. The pinion with a chipped tooth was fitted on the test gearbox and the
motor was ramped up to rated voltage over a period of 10 seconds. The vertical vibrations on the casing
of the gearbox and the motor currents were captured for analysis and the results are presented in Figure
7-17 and Figure 7-18 below.

Healthy gearbox Chipped tooth gearbox

Time [s] Time [s]
Figure 7-17 Raw vibration data of the healthy gearbox and the chipped tooth gearbox.
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Figure 7-18 Raw motor current data of with the motor loaded with a healthy gearbox and the chipped tooth gearbox
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The progression of the mesh frequency and the corresponding sidebands is shown in Figure 7-19 below.
The mesh frequency and the left and right pinion sidebands under steady-state conditions were
observed at 351.9 Hz, 332.3 Hz and 371.4 Hz respectively.
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Figure 7-19 DWT of the Healthy gearbox vs Chipped tooth gearbox (66.67 Hz to 533.33 Hz) 1showing the progression

of the mesh frequency and the pinion sidebands

There is a significant increase in the energy in the DWT of the gearbox with a pinion with a chipped
tooth compared to that of the gearbox with a pinion with a missing tooth. This can be attributed to the
propagation of the mesh frequency and its sidebands during start-up.

The pinion frequency was observed at 19.6 Hz under steady-state conditions. The DWT of the motor
current showing the progression of the pinion frequency is plotted in Figure 7-20 below. The Hilbert
transform was applied to the signal to remove the fundamental.

87



Healthy gearbox Chipped tooth gearbox

05 ‘ . . ‘ 05
0 WW»WW 0 -
0 2 4 6 8

=
i NM

02 7‘ .
6 8

o

f,.wmwww,@ﬂj I'Jm;u; W'ﬂ “M"U\""MMh““

/

0.2
0 W oﬂl‘-ull.ﬂ.'wm i) ||| |f'I|||f|l'.,u|l||“||u|lp||" MM l"‘.e”l,.fwl"l
| \
0.2 ‘ : : ‘ 0.2 : : ‘ :
0 2 4 6 8 0 2 4 6 8

Time [s] Time [s]
Figure 7-20 Hilbert DWT of motor current showing the evolution of the pinion frequency

There is a significant increase in the energy bands through which the pinion frequency traverses for the
scenario with the gearbox with the chipped tooth compared to that of the healthy gearbox.

The progression of the pinion frequency in the Hilbert DWT of the motor current is more evident than
the progression of the mesh frequency and the related sidebands in the vibration spectrum. The better
performance of the DWT of the motor current can be attributed to the isolation of the frequency of
interest (pinion frequency).

7.3.3  Missing Tooth Gearbox

The pinion of the gearbox was replaced with a pinion with a missing tooth. Vibration data was also
captured from the casing of the gearbox during a start-up over a period of 10 seconds. The results are
discussed below. The vibration signal from the gearbox casing and the motor current, in the time
domain, are presented in Figure 7-21 and Figure 7-22 below.

10 Healthy gearbox 10 Missing tooth gearbox
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Figure 7-21 Raw vibration data of the healthy gearbox and the missing tooth gearbox
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Figure 7-22 Raw motor current data of with the motor loaded with a healthy gearbox and the missing tooth gearbox

The pinion frequency, and the left and right pinion sidebands were observed at 354.2 Hz, 334.5 Hz and
373.8 Hz respectively. The progression of these frequencies in the DWT of the vibration data is shown
in Figure 7-23 below.
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Figure 7-23 DWT of the vibration data of the healthy gearbox vs the missing tooth gearbox !

The energy in the DWT of the gearbox with a pinion with a missing tooth is much more than that of the
healthy gearbox and that of the gearbox with a pinion with a chipped tooth. This is due to the increased
amplitudes of the mesh frequency and its sidebands as was observed in section 6.3.3.

The DWT of the motor current showing the progression of the pinion frequency is plotted in Figure 7-24

below. The pinion frequency was observed at 19.7 Hz under steady-state conditions. Similar to the
previous section 7.3.2, the Hilbert transform was applied to the signal to remove the fundamental.
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Figure 7-24 Hilbert DWT of the motor current showing the evolution of the pinion frequency

Similar to the observations of the chipped tooth gearbox, the progression of pinion frequency is more
significant in the DWT of the gearbox with the missing tooth compared to that of the healthy gearbox.
The DWT of the motor current also performed better than the DWT of the gearbox vibration data.

7.3.4 Worn-out Gearbox

The gearbox with the worn-out teeth was fitted as the test gearbox and the motor was ramped up to
rated voltage over a period of 10 seconds. The vertical vibrations from the casing of the gearbox were
captured, analysed and are discussed in the section below. The vibration signals of the healthy and faulty
gearboxes, in the time domain, are shown in Figure 7-25 below.

Healthy gearbox Worn-out gearbox
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Figure 7-25 Raw vibration data of the healthy gearbox and the gearbox with a worn-out pinion

The DWT'’s of the vibrations from the healthy and worn-out gearboxes are presented below. The mesh
frequency, and the left and right pinion frequencies were observed at 352 Hz, 332.3 Hz, and 371.3 Hz
respectively. The progression of these frequencies is highlighted in Figure 7-26 below.
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Figure 7-26 DWT of the vibration data of the healthy gearbox vs the gearbox with a worn-out pinion 1

Similar to the observations in section 6.3.4, the gearbox with the worn-out pinion has more energy than
the healthy gearbox in all the frequency bands due to the increased activity in the meshing frequencies
and its associated sidebands.

7.3.5  Concluding Remarks

The amplitudes of the vibrations of the faulty gearbox were always higher than those of the healthy
gearbox especially as the gearbox reached steady state. The gearbox with a chipped tooth pinion had
more energy in the frequency bands through which the mesh frequency and its sidebands propagated.
The gearbox with a missing tooth showed even clearer propagation, compared to that with a chipped
tooth, of the mesh frequency and the sidebands during the start-up for both the current and vibration
DWT’s. The current and vibration DWT both performed well in the identification of the discrete gearbox
faults.

The worn-out gearbox also had more energy in the frequency bands of the vibration DWT through which
the mesh frequency and its sidebands propagated. The current DWT, however, performed very poorly
and could not be used to identify the worn-out gearbox fault during start-up.

1 The dotted eclipse denotes the regions during which the mesh frequencies and its sidebands are estimated to
propagate through the frequency band based on Figure 7-16.
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8. Detection of Individual Faults within
Multiple Faulty Equipment

8.1 Introduction

The purpose of this chapter is to investigate the detection of faults under conditions with multiple faulty

equipment using the fault frequencies discussed in previous chapters. More importantly, the use of

MCSA as a single tool to identify all faults in the system is investigated. Vibration was not considered as

a single tool to identify faults in the system because the use of a single source of vibration could not be

used to identify the gearbox and motor faults under isolated conditions?. The scenarios comprise:

o A healthy motor, a healthy gearbox, and a healthy compressor which is used for the baseline data.

e A motor with 3 broken rotor bars, a gearbox with a missing tooth, and a compressor with a blocked
suction.

e A motor with 4 shorted stator turns, a gearbox with a missing tooth and a compressor with a
partially blocked discharge valve.

In all scenarios, the motor was ramped up to 60 Hz, 190 Volts over a 10 second period and data was
captured for the transient conditions. For the steady state conditions, 30 seconds of data was also
captured with the test rig operating at rated conditions. The signals captured comprise the motor
current, motor vibration, gearbox vibration and the reciprocating compressor vibration, while also
monitoring the motor voltage, speed and torque.

8.2 Healthy Motor, Healthy Gearbox, and Healthy Compressor

The healthy motor, gearbox and compressor were set-up as shown in Figure 5-12. This is done to serve
as the baseline with which the results from the faulty equipment will be compared.

8.2.1 Motor in Steady-state

The raw motor current data is presented in Figure 8-1 below. The FFT of the motor current was plotted
in Figure 8-2 and used for comparison with that of the faulty motors.
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Figure 8-1 Raw data of the healthy motor current under steady state conditions

Z See Chapter 6, Chapter 7
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Figure 8-2 Current spectrum of the healthy motor

8.2.2  Motor during Start-up

During start-up, the inverter-fed motor was ramped up to a voltage of 190 Volts and a frequency of 60

Hz over a period of 10 seconds. The time domain of the captured motor current is presented in Figure
8-3 below.
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Figure 8-3 Raw data of the healthy motor current under transient conditions

The progression of the (1 + 2s)f and the f; (g 1-5)+ k) forn =1,k = 3 frequencies are plotted in

Figure 8-4 and are used to estimate the traversal of these frequencies during start-up. This is in turn
used to estimate the progression of the plotted frequencies in the DWT of the motor current

250

—(1-2s)f
(1+2s)f
— Stator fault freauencv

200

Frequency [Hz]
2

-
(=]
(=]

50

Time [s]
Figure 8-4 Progression of the fault frequencies during start-up
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8.2.3 Gearbox in Steady-state

The motor was operated at 60 Hz and the rotational frequency of the healthy motor was measured at
58.25 Hz, the mesh and pinion frequencies were measured at 358.2 Hz and 19.9 Hz respectively. The
mesh frequency and the corresponding sidebands are presented in Table 8-1 below.

Table 8-1 Mesh frequencies and corresponding pinion sidebands of the healthy gearbox and gearbox with a missing
tooth

Frequency Frequency [Hz]
Mesh frequency 358.20
Left pinion sideband 338.30
Right pinion sideband 378.10

The f; + fm and f; % f, frequencies in the motor current spectrum were also plotted in Figure 8-5 and
observed. The observed fault frequencies are presented in Table 8-2 below.
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Figure 8-5 Motor current spectrum showing the fs + f,,, and f * f, frequencies

Table 8-2 Amplitudes and frequencies of the fs + f,, and f + f, frequencies of the motor current spectrum for the
healthy gearbox

Fault component | Frequency [Hz] | Amplitude [dB]
fs+ fm 420.00 -25.34
fs +1p 80.00 -44.17
fs—Ip 39.99 -6.82
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8.2.4 Reciprocating Compressor in Steady-state

The working frequency, f,, of the piston was measured at 6.08Hz and used to identify the f; + f,
frequencies for in the current spectrum (where f; is the supply frequency).

The motor current spectra showing the piston frequency sidebands, f; + f, are presented in Figure 8-6
and Table 8-3 below.
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Figure 8-6 Motor current spectrum showing the f + f,. frequencies with the healthy motor loaded with the healthy
compressor

Table 8-3 Amplitudes and frequencies of the f; + f, frequencies of the healthy motor current spectrum

Healthy compressor

Fault component | Frequency [Hz] | Amplitude [dB]
fs+ 1 66.09 -15.36
fs—fr 53.93 -10.83

8.3 Motor with Broken Rotor Bars, Gearbox with Missing Tooth Pinion and
Compressor with Blocked Suction

In this section, the motor, gearbox and reciprocating compressor are set-up in a similar manner to that
of the previous section. However, the motor with the broken rotor bar, the gearbox with a missing tooth
pinion and the compressor with a blocked suction are used instead of the healthy apparatus and
attempts are made to identify the faults.

8.3.1 Motor in Steady-state

The motor current spectra of the healthy motor and the motor with broken rotor bars is presented in
Figure 8-7 below.
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Figure 8-7 Spectra of the motor current under steady state conditions for the healthy motor and the motor with broken
rotor bars
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The current spectrum was also analysed to detect the broken rotor bar fault in the motor using the
(1 £ 2s)f frequencies. The results were similar to those obtained with broken rotor bar fault under
isolated conditions, in section 6.2.2, in which there was an increase in the amplitudes of the (1 + 2s) -
fs components in the current spectrums.

8.3.2  Motor during Start-up

This section presents a comparison between the motor current of the healthy motor and that of the
motor with the broken rotor bars as the motors are ramped up to 190 Volts and 60 Hz. The DWT of the
motor current during start-up is presented in Figure 8-8 below.
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Figure 8-8 DWT of the motor current durlng start-up

The DWT and Hilbert transform was applied to the motor current during start-up. The results obtained
were similar to those obtained under isolated conditions in section 7.2.2 in that there was a significant
increase in energy in the frequency bands through which the (1 & 2s)f frequency components
traversed*.

8.3.3 Gearbox in Steady-state

This section presents the comparison of the results between the faulty gearbox and the healthy gearbox.
The motor was operated at 60 Hz and the rotational frequencies of the healthy motor and the faulty
motor are 58.25 Hz and 57.95 Hz respectively. The mesh frequencies are measured at 358.2 Hz and
359.64 Hz for the healthy and faulty gearboxes respectively, and pinion frequencies are 23.3 Hz and
19.98 Hz.

The fs + fr, and f; £ f,, frequencies in the motor current spectrum were also plotted in Figure 8-9 and

observed. The results were compared to those obtained in the isolated scenario discussed in 6.3.3 in
Table 8-4.

3 See Figure 6-4
4 See Figure 7-7
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Figure 8-9 Motor current spectrum showing the fs + f,, and f + f, frequencies

Table 8-4 Amplitudes and frequencies of the fs + f,, and f + f, frequencies of the motor current spectrum with the
healthy gearbox and missing tooth gearbox connected

Fault Healthy gearbox Missing tooth gearbox
component Frequency [Hz] Amplitude [dB] Frequency [Hz] Amplitude [dB]
fs+fm 420.00 -25.34 420.00 -27.65
fs+ 1 80.00 -44.17 79.76 -48.19
fs—fp 39.99 -6.82 40.23 -7.83

The amplitude of the f; + f, , fs + f, and the f; — f,, frequencies for the faulty gearbox reduce by 2.31
dB, 4.02 dB and 1.01 dB respectively, compared to that of the healthy one. The amplitudes of the fault

frequency components reduced unlike the observations in the isolated scenario in section 6.3.3 where
they increased.

The motor current spectrum did not yield the results obtained under isolated conditions. This can be

attributed to the dampened speed oscillations from the gearbox which reduced the amplitude of the
fault frequencies [132].
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8.3.4 Reciprocating Compressor in Steady-state

The motor current spectrum showing the f; + f,. and f; — f,. frequencies was plotted in Figure 8-10
below.
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Figure 8-10 Motor current spectrum showing the f + f,. frequencies for the healthy compressor and the compressor
with a blocked suction

Current [dB]
Current [dB]

The results obtained here were similar to those obtained under isolated conditions in section 6.4.35. The
amplitudes of the f; + £, and f; — f,- frequencies increased.

8.3.5  Concluding Remarks

The (1 + 2s)f frequencies were clearly observed in the current spectrum of the motor with the broken
rotor bars in steady state and also during start-up.

For the gearbox, the mesh frequency and the corresponding pinion sidebands did not perform well in
both the current spectrum, both under steady-state and transient conditions. This can be attributed to
the mesh frequency of the gearboxes occurring very close the harmonic of the fundamental, and the
loading of the gearbox which acts as a damper for the vibrations [85].

For the reciprocating compressor, the observations from the motor current spectrum are also similar to
those observed in section 6.4.3 in which the amplitudes of the f; + f,. frequencies increase.

Ultimately, MCSA was able to identify all the faults in the system. It was, however, able to identify both
the broken rotor bar fault and the reciprocating compressor faults. It only performed poorly for the
gearbox faults.

8.4 Motor with Shorted Stator Inter-turns, Gearbox with a Missing Tooth Pinion
and Compressor with a Partially Blocked Discharge

In this section, the motor, gearbox and reciprocating compressor are set-up a similar manner to that of
the previous section. However, the motor with the shorted stator turns, the gearbox with a missing tooth
pinion and the compressor with a partially blocked discharge valve are used instead of the healthy
apparatus.

8.4.1 Motor in Steady-state

The motor current spectra of the healthy motor and the motor with 4 shorted stator turns is presented
in Figure 8-11 below.

5 See Figure 6-36

98



T T T
Healthy 7
— 4 turns shorted

it

235 236 237 238 239 240 241 242 243 244 245
Frequency [Hz]

étator fault fréquency

&
S
T

-100

Current [dB]
&
=]

Figure 8-11 Spectra of the motor current under steady state conditions for the healthy motor and the motor with
shorted stator turns

The current spectrum was plotted and the f; (g 1-s)=t k) frequency forn = 1 and k = 3 was

analysed. The results obtained were similar to those under isolated conditions; the fault frequencies
were not easily identifiable due to the noise from the inverter harmonics.

8.4.2  Motor during Start-up

This section analyses the motor currents during start-up. The motors were ramped up to 190 volts and
a frequency of 60 Hz. The DWT of the motor current is plotted in Figure 8-12 below and analysed.
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Figure 8-12 DWT of the current of the healthy motor and the motor with shorted stator turns showing the progression
of the fault frequency

The DWT of the faulty motor was calculated and plotted and the progression of the fault components
was traced out. The fault frequency in the current spectrum was calculated and identified at 238.1 Hz in
the previous section. Using the estimates plotted in Figure 8-4, the progression of the fault frequency to
238.1 Hz was identified. The results obtained were similar to those under isolated conditions, in section
7.2.16, in that there was a small increase in energy in the frequency bands through which the fault
traversed.

6 See Figure 7-4
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8.4.3 Gearbox in Steady-state

This section presents the comparison of the results between the faulty gearbox and the healthy gearbox.
The mesh frequency and pinion frequency were measured at 359.2 Hz and 19.8 Hz respectively.

The results from the analysis of the motor current spectrum are presented in Figure 8-13 and Table 8-5
below and analysed.
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Figure 8-13 Motor current spectrum showing the fs + f,, and f + f, frequencies

Table 8-5 Amplitudes and frequencies of the fs + f,, and f, * f, frequencies of the motor current spectrum with the
healthy gearbox and missing tooth gearbox connected

Fault Healthy gearbox Missing tooth gearbox
component Frequency [Hz] Amplitude [dB] Frequency [Hz] Amplitude [dB]
fs+fm 420.00 -25.34 420.00 -20.85
fs+ 80.00 -44.17 79.88 -44.18
fs—fp 39.99 -6.82 40.16 -11.92

The amplitude of the f; + f,,, for the faulty scenario increased by 4.49 dB while that of the f; + f,, and
the f; — f, frequencies decreased by 0.01 dB and -5.1 dB respectively. The increase in the amplitude of
mesh frequency increased; similar to the observations in the isolated scenario. The amplitudes of the
pinion sidebands, however, reduced contrary to the observations in the isolated scenario in 6.3.3.
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8.4.4 Reciprocating Compressor in Steady-state

The motor current spectrum showing the f; + f, and f; — f;. frequencies is plotted in Figure 8-14 below.
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Figure 8-14 Motor current spectrum showing the f + f,. frequencies for the healthy compressor and the compressor
with a partially blocked discharge valve

The working frequency of the compressor with the partially blocked discharge valve was measured at
6.08. The amplitudes of the f; + f, frequenices in the current specturm were similar to those observed
in section 6.4.27 in that they both decreased.

8.4.5  Concluding Remarks

The stator fault frequency was not easily identifiable under steady-state conditions in the current
spectrum of the motor. Under transient conditions, there was a small change in energy in the frequency
bands through which the stator fault frequency traversed.

For the gearbox, only the f; + f,, frequency increased in amplitude in the motor current spectrum while
the f; + f, frequencies reduced in amplitude. The results here were inconsistent with the observations
under isolated /unloaded conditions.

For the reciprocating compressor with the partially blocked discharge valve, the amplitudes of the f; +
fr frequencies, in the current spectrum were also similar to the observations in 6.4.2. in which the
amplitudes of the frequencies reduced.

Ultimately, the use of MCSA to identify all the faults in the system did not perform well as it was unable
to identify the inter-turn fault in the motor, and the missing tooth fault in the gearbox. However, it
performed well for the identification of the partially blocked discharge valve in the reciprocating
compressor.

7 See Figure 6-32
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9. Conclusions and Recommendations

This section presents conclusions from the results obtained from the experiments in the previous
chapters.

9.1 Conclusions

9.1.1 Time Domain Analysis

Time domain analysis was investigated as a plausible technique for the detection of the chipped tooth,
missing tooth and worn-out tooth faults in the gearbox under steady-state conditions. The peak value
and RMS always increased when any of the faults was implemented on the gearbox. Although the
increased peak value and RMS could be used as an indicator of the presence of a fault, it cannot identify
the fault that is present on the gearbox. The crest factor can be used to identify the presence of discrete
faults such as a chipped or missing tooth in the gearbox, but is also prone to false positives especially if
it is calculated over long time periods. Kurtosis was validated as a credible indicator in the presence of
a discrete fault in the gearbox [28].

Time domain analysis of the reciprocating compressor under steady state conditions was also
investigated as a technique for the detection of the blocked suction fault and the partially blocked
discharge faults. The blocked suction fault resulted in reduced peak and RMS values, while the partially
blocked discharge fault resulted in increased peak and RMS values. The kurtosis, however, increased for
both faults especially for the blocked suction fault. Time domain analysis performs better when multiple
indicators are used to identify faults in equipment. Careful choice of thresholding parameters is also
important when using time domain analysis techniques. Time domain analysis did not prove to be a
credible tool for the identification of faults in the reciprocating compressor.

9.1.2 Frequency Domain Analysis

Frequency domain analysis was investigated as a technique for the detection of faults in induction
motors, gearboxes and reciprocating compressors in steady state. MCSA performed well in the
identification of the broken rotor bar fault, and the bearing fault under both isolated conditions and in
the scenarios with multiple faults introduced to the system. It, however, performed very poorly for the
inter-turn fault. The vibration spectrum, on the other hand, performed better than the current spectrum
for the identification of the inter-turn fault, broken rotor bar fault, and the bearing fault. The poor
performance of MCSA in the identification of the inter-turn fault can be attributed to the noise from the
inverter harmonics.

Analysis of the vibration spectrum of the gearboxes in steady-state was also successful in identifying the
presence of the chipped tooth, missing tooth and worn-out teeth faults on the gearbox under isolated
conditions. The mesh frequency and the corresponding sidebands were proven as good indicators for
the presence of a fault on the gearbox. Furthermore, the amplitudes of the pinion/gear sidebands were
able to provide better information regarding the location of the discrete faults. MCSA also performed
very well for the gearbox when the fault was isolated and the gearbox was unloaded, and pinion
frequency was observed. This was likely due to the larger amplitudes of the vibrations under the no-
load conditions.

Frequency domain analysis, however, performed very poorly when multiple faults were introduced to
the system. The poor performance of the vibration spectrum was attributed to the dampening of the
vibrations of the gearbox under load, and that of the current spectrum can be attributed to the
dampening of the vibrations of the gearbox and the noise from the inverter harmonics.
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Frequency domain analysis was also investigated for detection of the blocked suction and partially
blocked discharge valves of the compressor under steady-state conditions. The changes in the
amplitudes of the piston frequencies and their harmonics were more significant in the vibration
spectrum from the compressor’s accelerometer than they were in the current spectrum and from the
vibration spectrum from the motor’s accelerometer. The changes in the amplitudes in the vibration
spectrum from the motor were within a similar range to those of the current spectrum. Although both
the current and vibration spectra performed well in the detection of the faults in the compressor under
both isolated and multiple fault conditions, the vibration spectrum performed better than the current
spectrum. The current spectrum, however, can still be used to identify faults in the compressor.

MCSA was identified as the single non-invasive tool to be used to identify faults in the equipment under
both isolated conditions and also with multiple faults in the system concurrently. MCSA, however,
performed poorly for the shorted stator turn fault both under isolated conditions and with multiple
faults applied to the system, and also with the gearbox loaded with the reciprocating compressor. It,
however, did perform well when the gearbox fault was isolated.

9.1.3  Time-frequency Domain Analysis

The DWT of the motor currents did not perform as well as that of the motor vibrations. The DWT of the
motor current for the inter-turn fault did not provide a sufficient change in energy for identification of
the fault, while the energy in the DWT of the motor current of the broken rotor bar, bearing and bowed
rotor faults did not change as much as that of motor vibrations. The results obtained with multiple faults
simulated in the system were similar to those obtained under isolated conditions. The DWT of the motor
current, therefore, proved to be a plausible indicator for the bearing, broken rotor and bowed rotor
faults but not for the inter-turn fault.

The DWT of the current, with the Hilbert Transform applied to it, performed better than the DWT of the
vibration data for the identification of the chipped tooth and missing tooth faults under isolated
conditions. The DWT of the vibration data performed better than that of the motor current for the
detection of the worn-out teeth under isolated conditions.

However, for the scenarios where the motor, gearbox and compressor all had faults implemented, the
gearbox faults could not be identified using DWT. This can be attributed to the subversion of the
vibrations of the gearbox by the loading which in turn reduced the impact on the air-gap flux of the
motor and thus the performance of MCSA.

The results from the time-frequency domain analysis and corresponded to the findings in the frequency
domain which also identified MCSA as a single tool that could be used to identify faults in the equipment.
However, it also performed poorly for the inter-turn fault, and for the gearbox faults both under isolated
conditions and also with multiple faults applied to the system.

9.2 Recommendations

Although faults in the induction motors were successfully identified using vibrations, the placement of
the accelerometers could be improved by moving them closer to the bearings to allow for early detection
of the faults.
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The use of the statistical indicators for the detection of faults can be improved by calculation over
shorter time periods to reduce the possibility of false positives, and by use of additional tools and
techniques to confirm the existence of a fault such as analysis of oil debris to confirm wear in a gearbox
[58].

For more accurate determination of the causes of the vibrations in the reciprocating compressor, the
position of the piston should also be tracked. The pressure in the reciprocating compressor can also be
investigated as a parameter for the detection of faults in the reciprocating compressor. The
accelerometers should also be placed as close the valves as possible. The sampling frequency should
also be increased so that the FFT and DWT of the compressors at higher frequency bands can be
observed.
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11.

Appendices

11.1 Appendix A — Gearbox
11.1.1 Piston Frequencies
1 \
:
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Figure 11-1 Piston frequencies of the various gearboxes at no load
Table 11-1 Piston frequencies of the gearboxes at no load
Gearbox Frequency [Hz] | Amplitude [mm/s?]
Healthy 19.60 0.73
Chipped tooth 19.53 1.10
Missing tooth 19.58 0.45
Worn-out teeth 19.56 2.45
Table 11-2 Energy in the various frequency bands of the test gearboxes
Frequency band Healthy Chipped tooth Missing tooth Worn-out
533.33-1066.67 1.30e-03 2.21e-03 1.39e-02 3.80e-03
266.67 - 533.33 2.91e-04 4.65e-04 1.44e-02 2.61e-03
133.33 - 266.67 3.29e-04 4.63e-04 5.91e-03 8.72e-04
66.67 - 133.33 1.23e-04 2.61e-04 6.23e-04 9.93e-04
33.33 - 66.67 4.45e-05 1.25e-04 4.21e-04 7.81e-05
16.67 - 33.33 1.69e-05 7.77e-05 2.34e-04 2.08e-05
8.33 -16.67 8.31e-06 3.33e-05 1.01e-04 6.05e-06
4.17-8.33 4.06e-06 1.62e-05 4.40e-05 5.03e-06
0-4.17 4.77e-06 1.86e-05 6.05e-05 8.86e-06
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11.1.2 MCSA of the Worn-out Gearbox

0 T T
Wom-out teeth
Healthy

Wom-out teeth
Healthy

Wom-out teeth
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-100 ' ' ' -100 ! ' ! '
30 32 34 36 38 40 60 62 64 66 68 70
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Figure 11-2 Motor current spectrum showing f, + f, , fs + fp and f; — f,, of the healthy gearbox and the gearbox
with the worn-out teeth

Table 11-3 Frequencies and amplitudes of the f + f,,, fs + f, and f — f,, frequency components in the motor current
spectrum for the gearbox with the worn-out teeth

Fault Healthy gearbox Worn-out teeth gearbox
component Frequency [Hz] | Amplitude [dB] Frequency [Hz] Amplitude [dB]

fs + fmm 404.3 -47.11 - -

fs+fp 69.63 -40.75 69.53 -37.04

fs—fp 30.42 -41.65 30.47 -36.29
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11.2 Appendix B — Reciprocating Compressor

11.2.1 Partially Blocked Discharge Valve Fault
T T
0.02 Normal rod - Partially Blocked Discharge - 70 psi |
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2]
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Frequency [Hz]

Figure 11-3 FFT of the healthy compressor and the compressor with a partially blocked discharge at 70 psi and 0 psi
air tank pressure

Table 11-4 Energy in the various frequency bands of the DWT's of the healthy compressor and the compressor with a
partially blocked discharge valve at 0 psi

11.2.2

Frequency band Healthy Partially blocked discharge
2133.33 Hz to 4266.67 Hz 0.0208 0.0425
1066.67 Hz to 2133.33 Hz 0.0220 0.0312

533.33 Hz to 1066.67 Hz 0.0087 0.0103
266.67 Hz to 533.33 Hz 0.0142 0.0126
133.33 Hz to 266.67 Hz 0.0126 0.0110

66.67 Hz to 133.33 Hz 0.0035 0.0077

33.33 Hz to 66.67 Hz 0.0013 0.0027
16.67 Hz to 33.33 Hz 0.0004 0.0009
8.3 Hzto 16.67 Hz 0.0002 0.0004
417 Hz to 8.3 Hz 0.0001 0.0002

Blocked Suction Fault

[mmfsz]

0
1000

2000 3000
Figure 11-4 FFT of the healthy compressor and the compressor with a blocked suction at 0 psi air tank pressure
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11.3 Appendix C - Code

%Code to display the FFT of a signal
% clear;
Fs =25600; % Sampling frequency

o

Sum of a 50 Hz sinusoid and a 120 Hz sinusoid

T = 1./Fs; % time step
% fs = 50;

% SM Grid Healthy 0 768kSample 25 6kHz ss

% SM Grid 2turns 100 768kSample 25 6kHz ss
% SM Grid 4turns 100 768kSample 25 6kHz ss
% SM 100 grid bf 768kS 25 6kHz ss

% SM 100 grid . bow 768kS 25 6kHz _ss

% SM 100 Inv50 healthy 768kS 25 6kHz _ss

% SM_ lOO Inve0 2turns_ 768kS 25 6kHz _ss

% SM 100 Inv50 brb 768kS 25 6kHz ss 2

% SM_lO0_Inv50_bf_768kS_25_6kHz_ss

% SM 100 Inv50 bow 768kS 25 6kHz ss

% SM Grid Healthy 100 768kSample 25 6kHz ss
% data = load('SM 0 grid brb 768ks 25 6kHz Ss_2.txt');

Fmm———————— Motors —-——-——=———————=—-———-—

% data name = 'SM 0 Inv50 healthy 768kS 25 6kHz ss.txt'; col = 'b';
% data name = 'SM 50 Inv50 healthy 768kS 25 6kHz ss.txt'; col = 'b';
% data name = 'SM 100 Inv50 healthy 768kS 25 6kHz ss'; col = 'b';

% data name = 'SM 0 Inv60 _healthy 768ksS 25 6kHz ss.txt'; col = 'k';
% data name = 'SM 100 Inve0 healthy 768kS 25 6kHz _ss.txt'; col = 'k';
% data name = 'SM 0 Inv50 bow 768kS 25 6kHz ss" col = 'r';

% data name = 'SM 50 Inv50 bow 768kS 25 6kHz ss'; col = 'r';

% data name = 'SM 100 Inv50 _bow 768kS 25 6kHz ssZ txt'; col = 'r';

% data name = 'SM 0 Inv50 2turns 768kS 25 6kHz ss" col = 'r';

% data name = 'SM 50 Inv50 2turns 768kS 25 6kHz ss'; col = 'r';

% data name = 'SM lOO Inv50 2turns 768kS 25 6kHz _ss'; col = 'r';

% data name = 'SM 0 Inv50 4turns 768kS 25 6kHz ss.txt'; col = 'r';

% data name = 'SM 50 Inv50 4turns 768kS 25 6kHz ss. txt" col = 'r';
% data name = 'SM lOO Inv50 4turns 768kS 25 6kHzZ _ss' col = 'r';

% data name = 'SM 0 Inv50 brb 768kS 25 6kHz ss.txt'; col = 'r';

% data name = 'SM 50 Inv50 brb 768kS_25 6kHz ss.txt'; col = 'r';

% data name = 'SM lOO Inv50 brb 768kS 25 6kHz _ss 2.txt'; col = 'r';
% data name = 'SM 0 Inv50 bf 768kS 25 6kHz ss'; col = 'r';

% data name = 'SM 50 Inv50 bf 768kS 25 6kHz ss'; col = 'v';

% data name = 'SM 100 Inv50 bf 768%S 25 6kHz _ss'; col = 'r';

S ——————— Gearboxes —-—-———-——————-—

% data name = 'GB healthy 50 Hz 0 load inv_ss'; col = 'b';

% data name = 'chipped tooth gearbox inv ss'; col = 'r';

% data name = 'GB missing tooth 50 Hz 0 load inv_ss'; col = 'm';

% data name = 'worn gearbox inv ss'; col = 'k';

s —mm——— Compressor ———-—-——-—————-—

% data name = 'big rod leaking valve healthy discharge 60Hz ss 0 psi'

'b';
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% data name =

'big rod leaking valve partially blocked discharge 60Hz ss 70 psi'; col = 'r';

% data name = 'big rod leaking valve partially blocked discharge 60Hz ss 0 psi';
col = 'r';

% data name =

'big rod leaking valve partially blocked discharge 60Hz ss 70 psi'; col = 'r';

% data name = 'big rod leaking valve healthy discharge 60Hz ss 45 psi 3'; col =
'b','

% data name =

'big rod leaking valve partially blocked discharge 60Hz ss 45 psi 3'; col = 'r';
% data name = 'big rod leaking valve blocked suction 60Hz ss 0 psi'; col = 'r';
% data name = 'normal rod healthy valve healthy suction 60Hz ss 0 psi 2'; col =
'b',’

% data name = 'normal rod healthy valve blocked suction 60Hz ss'; col = 'r';

o

data name =
'normal rod healthy valve partially blocked discharge 60Hz ss 45 psi 3'; col =
lrl;

% data name = 'normal rod healthy valve healthy suction 60Hz ss 45 psi 3'; col =
'b',’

% data name = 'normal rod healthy valve blocked suction 60Hz ss'; col = 'r';

% data name =

'normal rod healthy valve partially blocked discharge 60Hz ss 0 psi'; col = 'r';
data name = 'normal rod healthy valve healthy suction 60Hz ss 70 psi'; col =
lbl’.

% data name =
'normal rod healthy valve partially blocked discharge 60Hz ss 70 psi'; col
lrl;

o
]

$ ————————= Combinations ----------

% data name = 'Healthy motor + Healthy Gearbox Healthy compressor'; col = 'b';
% data name = 'Healthy motor + Healthy Gearbox 2'; col = 'b';

% data name = '2 turns + Healthy Gearbox'; col = 'r';

% data name = '4 turns + Healthy Gearbox'; col = 'm';

% data name = '2 turns + Healthy Gearbox start up'; col = 'r';

% data name = '2 turns motor + missing Gearbox bs compressor'; col = 'r';

% data name = '4 turns motor + missing Gearbox bs compressor'; col = 'm';

% data name = 'brb + missing Gearbox bs compressor'; col = 'r';

% data name = '4 turns + missing Gearbox pbd compressor'; col = 'm';

data = load(data name) ;
y = data(:,5);

oe

y = data(:,12);

% load(data name);

Sy =Y; col = 'b';

y = y(1:768000);

Ty =GB Y;

N = length(y); % number of samples

% y = iomega(y, (1/25600),3,2); col = 'k';
t = (0:N=-1)*T; % Time vector

% fr = 0:0.5:200;

NEFT = 2%nextpow2 (N) ;% extend the number of samples for zero padding
% x = rms(data(:,4));

5y =GB Y;

oe

Sp = data(:,8); % reads the voltage
Sp (Sp.*-2934)./4.73388; % scales the voltage to get speed
nr = mean(Sp); % calculates the mean speed

o\°

o\°

oe

to perform the hibert apply
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%$Iahil = abs(hilbert (I

o\

2 = window (@hann,N) ;
perform the PSD
Pxx,F] = pwelch(y,w2,
Pxx = fftshift (Pxx);
t=fpeak (F, Pxx,30, [23

0 0O = o0 S|

a))-mean (abs (hilbert (Ia)));

[1,/NFFT,Fs);

,40,700,1inf]) ;

f loc = find(Pxx == max(Pxx(2000:2100))); fs = F(f _loc);
Pxxn = Pxx./max (Pxx);% normalises the PSD

% figure; plot(F,10*1ogl0 (Pxxn),col); ylabel (' (dB/Hz) ');
figure; plot(F,10*1logl0 (Pxx),col); ylabel(' (dB/Hz) '");

% figure; plot (F,Pxx/max (Pxx),col); ylabel (' [mm/s"{2}] ");
% figure; plot(F,Pxx,col); ylabel (' [mm/s*{2}] ');

% displayname = input ('Display name?\n');

% figure; plot(F,Pxx, col, 'DisplayName',displayname) ;

o

o

figure;
figure;

o

xlabel ('Frequency

set (gca,

[

ylabel ("Acceleration

(ms™{=2})");

psd(spectrum.periodogram,y, '"NFFT', length(y), 'Fs',25600) ;

plot (F,10*1ogl0 (Pxx)
(Hz) ")

'FontSize', 12);

- mean (10*1ogl0 (Pxx)),

[

col);

% set(gcf, 'Position',
legend('show'); grid on;

o

x1im([140 160]); ylim([-100,-20]
fprintf ('Rotational frequency =

% fprintf ('Rotational frequency
fprintf ('Slip = %$4.4f\n', s);

o

)

o

o

o

% decompositions

clear;

fs = 25600; % sampling frequency

f = 50; % fundamental frequency

ds = 3; % downsample value,

fds = fs/ds; % new sampling frequen
wlt = 'db44'; & choice of wavelet
Nf = 10; % number of decomposition

% Load transient signal here

oe

get (0, 'Screensize')); %

4.4fF\n",
%4.4f\n",

cy

levels,

fs);

frm) ;

Maximize figure.

This code performs a discrete wavelet transform and wavelet packets

if set to 1 no downsample takes place

set to 0 for default

********************Gearbox*********************************

% data = load('GB _healthy 50 Hz 0 load inv_startup'); col = 'b'; % start
% data = load('GB _chipped tooth 50 Hz 0 load inv_startup'); col = 'r'; %
10.08

% data = load('GB missing tooth 50 Hz 0 load inv_startup'); col = 'm'; %
9.8

% data = load('worn gearbox inv startup'); col = 'k'; % start = 12.25

oo

KAKAKKAAKNA AKX IAAAIAAA RN AA A AXA A AR A A XK, % Motor ~k~k~k****************************%

% data = load('SM 100 Inv50 healthy 768kS 25 6kHz startup'); col = 'b';
% data = load('SM 100 Inv50 brb 768kS 25 6kHz startup 2'); col = 'r';

% data = load('SM 100 Inv50 bf 768kS 25 6kHz startup'); col = 'r';

% data = load('SM 100 Inv50 bow 768kS 25 6kHz startup'); col = 'r';

% data = load('SM 100 Inv50 bow 768kS 25 6kHz startup'); col = 'r';
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%****************************** Compressor *******************************%

% data = load('big rod leaking valve healthy discharge 60Hz ss 0 psi'); col =
lbl’. o o o o o o o o
% data
lbl;

% data =

load('big rod leaking valve partially blocked discharge 60Hz ss 70 psi'); col =
r';

load('big rod leaking valve healthy discharge 60Hz ss 70 psi'); col =

% data = load('big rod leaking valve blocked suction 60Hz ss 0 psi'); col = 'r';
% data =

load('normal rod leaking valve partially blocked discharge 60Hz start up 0 psi 3
'); col = 'b';

% data = load('normal rod healthy valve healthy suction 60Hz ss 70 psi'); col =
'b',’

% data = load('normal rod healthy valve healthy suction 60Hz ss 0 psi 2"'); col =
'b',‘

% data =

load('normal rod healthy valve partially blocked discharge 60Hz ss 0 psi'); col
— |r|,.

% data =

load('normal rod healthy valve partially blocked discharge 60Hz ss 70 psi'); col
— vrv;

% data = load('normal rod healthy valve blocked suction 60Hz ss'); col = 'r';

% data = load('big rod leaking valve healthy discharge 60Hz startup O psi 3');
col = 'b';

% data =

load('big rod leaking valve partially blocked discharge 60Hz startup 0 psi 3');
col = 'r';
% data = load('big rod leaking valve blocked suction 60Hz start up'); col =

[

m-°;

% data = load('normal rod healthy valve healthy suction 60Hz start up 0 psi 3'");
col = 'b';
% data =

load('normal rod leaking valve partially blocked discharge 60Hz start up 0 psi 3

'Y; col = 'r

% data = load('normal rod healthy valve blocked suction 60Hz start up'); col =
m' ;

$%%%%%%%%%%%% Combinations %$%%%%%%%%%%%%%%%%%%%%%%%%%%%

% data = load('Healthy motor + Healthy Gearbox Healthy compressor'); col = 'b';
% data = load('brb + missing Gearbox bs compressor'); col = 'r';

% data load('4 turns + missing Gearbox pbd compressor'); col = 'r';

data = load('Healthy motor + Healthy Gearbox Healthy compressor startup'); col
lbl;

o o° || oe

data = load('brb + missing Gearbox bs compressor startup'); col = 'r';
data = load('4 turns + missing Gearbox pbd compressor startup'); col = 'r';
sl = Ia; % set signal equal to measurand

sl = data(:,10);

oo

% to perform the hibert apply
% sl = abs(hilbert (sl))-mean (abs (hilbert(sl)));
% Possibility of downsampling
if ds~=1
ds;
sl
end

downsample (sl,ds) ;

sl len = length(sl);
t = (0:1:s1 len-1)/fds; % generate time vector

% Calculate the frequency bands for the wavelet decomposition-----------—-—-
if Nf ==
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Nf
Nf
end

log(fds/f)/log(2); % number of decomposition levels
double (uint32(Nf)); % need an integer value

D = freq bands( £, fds, Nf ); % calculate frequency bands ad display
% Wavelet decomposition
[sl App, sl Det] = wav_analysis(sl, Nf, wlt);

% Display wavelet decomposition here

% Max of four subplots per figure and show the detail levels and last
% approximation level only

for k = 0:4:Nf-1

figure
for k2 = 1:min(4,Nf-k)
hold on

ha(k2) = subplot(4,1,k2); plot(t,sl Det(k+k2,:),col); grid on;
enrgy (k+k2) = sum(sl Det(k+k2,:)'.*2)/(62.5%¥10000);

set (gca, 'FontSize',10, 'XLim', [0 t(end)]);
set (gca, 'FontSize',10,"XLim", [0 1071);

set (gca, 'FontSize',10, 'XLim', [4.3, 4.5]);

o

o

title([num2str(D(l+k+k2)) '-' num2str(D(k+k2)) ' Hz']);
k2;
end
linkaxes (ha, 'x");
end
hold on
ha(k2+1) = subplot(4,1,k2+1); plot(t,sl App(10,:),'m"); grid on;
enrgy(11) = sum(sl App(10,:)'.*2)/(62.5%¥10000);
linkaxes (ha, 'x");
% set(gca, 'Fontsize',10, 'XLim', [0 t(end)]); grid on;

set(gca, 'FontSize',10,"'XLim"',[0,10]),; grid on;
% set(gca, 'FontSize',10, 'XLim', [4.3,4.5]); grid on;
title([ '0 ="' num2str(D(end)) ' Hz']l);

xlabel ('Time(s) ') ;
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