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Abstract

The use of gearboxes for power transfer is widespread throughout industry. However, machines
today are operating atgher speeds than ever before and gear failures such as wear or tooth
breakage is serious and legitimate concerns. Incipient fault detection in gears has thus become
the subject of intensive investigation and at this stage of development, there are many

competing condition monitoring methods based on vibration signal analysis.

This thesis summarizes the research steps taken after a review of (i) current maintenance
strategies, (ii) gearbox condition monitoring techniques and gear vibration fundamental and

common gearbox failure modes, (iii) new approach callestinblocked force.

A test rig was built, designed and fabricated for experimental data collettieexperimental
work was carried out using a healthy spur gear and one suffering from toakiadpeevith two

levels of fauls; 25% and 85%.

This study reports the use of the blocked force to characterize the gear mesh interactions; the
advantage is to remove the effect of the housing, and to get a signal, which is more
representative of the sounceechanisms from which it is generatelthder certain assumptions

the blocked forces are an intrinsic property of the vibration source. For example, a given
vibration source, such as gear, hypothetically operating in the same conditions could produce
different vibration signals when installed in different housings, however, the blocked forces

theoretically are the same in both cases.

The blocked force represents a property independent of the noise generating mechanisms and
is therefore invariant to the gb@x housing. It is proposed that this invariance yields a signal

more amenable to fault detection.



In this thesis, assessment of the condition of a gearbox in a test rig is based on vibration analysis
but, contrary to standard condition monitoring tegles, this researalses the blocked force

signalinstead of acceleratiaignals

FFT has applied to transform the time domain signal to frequency domain and identify the
spectrum of the shaft and mesh frequency. However, the low pass filter has beshtapp

filter the signal abovehe 1000 Hz and subjected to statistjgalameters.

Conventional parameters using the time domain of the vibration signal (kurtosis, RMS, crest
factor and skewness) were used for detecting and diagnosing the faults Yogcapm to

filtered signals. As a result, the noise might be removed or reduced but the effect of the housing
remairs. Then, he total energy was also applied to detect the presence of the fgults
combination with EMD and the results compared with sikkoobtained by the conventional

parameters.

However, he blocked force signal obtained through the inverse procedaggltered using
the same filterwhich was used for fault detection alternatively to conventional signal.

Moreover, he aim was to useMas a signal for condition monitoring purposes.

Parameters (namely Kurtosis, crest factor and total energi@then applied tdiltered BF
signals to identify the condition of the machifdwe results obtained based filtered BF

signalswere comparetb ones obtained based on conventional signals.

The comparison between the results obtained from the acceleration signals and BF signals
shows that (a) the blocked force can be used to remove or eliminate the effect of the housing;
(b) the trends of kurtds and crest factor and total energy are more consistent with the severity
of the fault. Additionally, the parameters applied to the blocked force signals can offer more
effective way of all those tested to detect faults than conventional acceleratiahaitpast

for this case study
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Chapter 1

Introduction
This chapter provides an overview of various strategies for the condition monitoring (CM) of
engineering machinery and equipment. It introduces theatlbbocked force before providing
information on a variety of existing CM systems and techniques available. It then introduces
the aims and objectives of this research followed by a description of the structure and flow of

this thesis.
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1.1 Introd uction

It is a common fact that machines contain combinations of various kinematic linkages
mechanically assembled together. When these machines are in operating mode, these linkages
produce characteristic sounds and vibrations, often termed as vils@@tures, which are
specific to the individual machine depending on their structural design. Identification of these
vibration signatures is of prime importance in determining, at an early stage, faults that could

otherwise cause structural damage.

These days, ruto-failure isconsidered an expensive and inefficient approach to CM for most
processes and manufacturing operations. Alternative CM systems that depend on the
continuous collection and analysis of machine data have proved more accapdiatidsirable
because of their capability to offer early stage detection of machinery faulSelecting a
suitable CM system is a significanap of guaranteeing increased machine availability,
performance and life span, in addition to a reduction of spare parts stocks and breakdown

maintenance.

CM methods have proved their worth in terms of efficiency, economics and convenience, with
a varietyof techniques used successfully to provide an efficient, reliable, and accurate CM

method which can also be easily implemen&d].

Research into, and implementation of continuous CM methods, has delivered the above
mentioned benefits, but the majorityiofplementations has been either on a spegipe of

machine or to cure a particular class of probjém

For example, internally the teeth on gears are oftens@to various sources of errors such
as wear, backlash, play etc. These errors can result in geometrical misalignments, which can

cause the entire mechanical assembly to vibrate. It is often impractical to monitor the vibrations
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generated from the coréeenents such as bearing and gears during the operation of the gearbox

due to reasons such as limited access to the assghbly

CM is often employed so as to provide advance warning of mechanical failure of e.g. gears and
bearings. The benefits are that maintenance can be planned and down time avoided. CM
conventionally appliesgnalprocessing techniques to vibration signals, typically measured on
housing. Other techniques, such as oil analysis, will not be considered in this thesis. However,
conditionbased maintenance (CBM) is a maintenance program that recommends maintenance
decisions based on the information collected through condition moni{drig Diagnostics

and prognostics are two important aspects in a CBM program. CBM plays an important role in
reducing unscheduled machine downtime and avoiding catastrophic accidemdsistrial

enterprisesThe following section presents current maintenance strategies.

1.2 Maintenance strategies

Selecting the most appropriate CM system is important to maximise machine availability,
performance and life span, and minimise spare partstones and break down maintenance

[6]. Companies search continuously to find the best methods to reduocsttbéntaintenance;
mitigate possible injuries to personnel or damage to the local environment. However, the main
objective of maintenance is to prevent machine and/or production failure and production losses.

Maintenance strategies can be divided intedttifferent categories:

1 Breakdown maintenance:Machines are run until they fail, and are then repaired; a
crude method of operation that can be very expensive in terms of lost output and
machine damage, it may also lead to dangerous occurrgiices

1 Preventive maintenance Also called timebased maintenance, machines are
thoroughly inspected and ted at set intervals and any necessary maintenance carried

out to remedy faults present found within the sysiigin
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1 Predictive maintenance This strategy requires continuous monitorarfiggquipment
to detect and diagnose defects. Only when a defect is detected, is maintenance work

planned and execut¢®].
The main objectives for maintenance can be summarised as filpws

1 To improve/maintain productivity.
1 To minimize the number of repairs and replacement routines.
1 To extend the life of the machine.

1 To ensure a high quality of products.

For maintenance, the plant equipment can be classified into three catijories

1. Critical equipment: expensive to repair, or takes a long time to repair.
2. Essential equipment:affects the next stage of the process.
3. General equipment:is not critical to the process and does not affect plant operations

when it is broken.

1.3 Condition Monitoring

CM of machinery is defined as the process of detecting and diagnosing faults within machines
enabling prevention of failure of critical and essdntiachinery3, 9].

The fundamental purpose of CM is to ascertain reliabiliynr el i abi |l ity of
mechanical condition through measurement of pertinent properties of the system such as
temperature, oil pressure, electrical current, vibration level and performancgSlevel

For a successful CM system the following four stages beagarefully considered; sensor
selection, feature extraction, feature comparison and decision process determination, see

Figure(1.1).
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selection extraction comparison process

Sensor Features Features Decision

Figure 1-1 Condition monitoring system implementation

The demand for CM has increased as companies have tried to minimise the consequences of
machine failures, use existing mainteo@nresources more effectively, and increase
profitability. Some of the technical factors which have increased this demand ificdjide

1 The increased cost of maintenance due to increased labour and material costs.

1 Increased automation of production to maintain competitiveness.

1 The expectation of increasing qualitiygroducts by customers.

1 Increased quality required to meet new product liability legislation.

1 Increased safety and reliability expectations reinforced by current legislation.

1.4 Types of Condition Monitoring Systems

These daystun-to-failure is an unwantedapproach for most processes and manufacturing
operationsThe present strategy is to implement methods, which may be more complex and
expensive at the implementation stage but can be cost effective in the long run. These include
strategies such asaktimedetection systems which can provigattime information for the
engineer to allow detection and diagnosis of a fault in its very early &jg&election of a
suitable and appropriate advanced CM system can significantly improve cost effectiveness in
terms of efficient performance of the machine which can promise a ltifegyanwhile

minimising unnecessary downtinf@.

There are two types of such CM systems: periodic and permanent. Periodic monitoring (also
called oftline CM) isa system in which the machine data is recorded periodically and saved
for analysis at a later stage. The analysis may be done in an office environment where there

would be techniques available for advanced data angdBkses
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In contrast, the permanent monitoring system comprises a permanently mounted set of sensors
or transducers, which can provide data continuously. Although the permananting of

sensors may be relatively expensive, this has advantages in scenarios such as:

1 unavailability of suitable personnel to perform maintenance tasks, such as is often the
case in remote sites, e.g. offshore pumping systems

1 continuous monitorings required to detect the fault at as early a stage as possible to
avoid failures

1 animmediate response is required to shut down the whole system; and

1 in hazardous environments where, for example, the presence of high temperatures, toxic
or poisonous gase exclude the possibility of a human carrying out the necessary

maintenance measuremef@

Conventionally, signaprocessing technias are applied by CM systems on various types of

signals. These signals may be vibration or sound pressure levels, thermal variations and
dangerous emissions. The determination of all or any of, these signals can lead to efficient fault
detection within tk associated mechanical parts such as gears, bearings, shafts etc. Figure (1.2)

is presented the generalized theory of condition monit¢@jhg
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Data acquisition device

Data analysis device

Feature selection device

Dedsion making device

Condition diagnosis

Figure 1-2 Condition Monitoring framework [11]

As can be seen from the figure (1.2) the first box shows that there is a data acquisition device,
whose primary function is to acquired data from the system. Examples of these would include
measurement devices such asr@neters, accelerometers, or strain gauges. The second box
comprisesthe data analysidevice whose function is to analyse the acquired data. Many
methods, some of which will be describedhianext chapter have been proposed in this regard.

The method&nclude using wavelets, th®uriertransform, and thé/agnerVille distribution.

Feature selection is a process where specific aspects of the data, which are good indicators of

faults in the structure, ardentifiedand quantified.

Thedecision making dece is an infrastructure whose primary function is to take the features
and interpret these features. The outcome of the decision making device is the identification of

faults[11].

1.5 Condition Monitoring Techniques
Specific CM techniques are often associated with specific measuremenfli¥pesthough

the following section provides details of the above measurement types, vibration analysis
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technique is emphasised in thiesis and therefore the trend of this report will gradually focus
on it. For completeness sake the following sections presents all the above measurement
methods, even though the techniques will not be used in this research. CM techniques in

common use today

1.5.1 Vibration Monitoring

Vibrations are a repetitive response of a system caused by theniioorm movement of
componentsVibrations in healthy machinery arise due to unbalance, transmission error in
gears, rolling contact of bearings and impact of otlaetsp However, as faults develop then
additional sources of vibration arisee to such factors as wear causing loosening of parts,
bearing faults, gear tooth breakage, cracks in components, corrosion, etc. In addition, all
components in the assembly geatertheir own unique frequencies depending on the nature of

their geometries and operation, and the type of fault that ofdRjrs

Vibration analysis is one of the most important condition monitoring techsiilqatis applied

in real life. Most of the defects emantered in the rotating machinery give rise to a distinct
vibration pattern (vikation signature) and hence méatlts can be identified using vibration
signature analysis techniques. Vibration Monitoring is the ability to record and identify

vi br aSiigpmatiur es o which makes the technique

machinery.

Vibration measurement has been widely used to detect and monitor at least the following

conditions on rotating machingk3]:

1 Misalignment and/or damage of gear teeth,
1 Unbalance grts in rotating machinery,

1 Pits and cracks in the component parts of rolling element bearings,
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=

Misalignment and cracks in shatfts,

=

Loose parts including excessive wear in e.g. sleeve bearings,

9 Deterioration due to a wide range of causes: broken partesamr, erosion, etc.

=

Component resonance.

As mentioned above, vibration analysis is one of the most widely applied technologies for CM
of rotating equipment, including gears and bearings because features extracted from the
vibration signals can accuragaieflect the condition of the machin&lso, it has been chosen

for this work becaust is easy to implement comparing to others sashirborne acoustics.

This researclfocuses on the use of vibration analybiewever weare trying to achieve more
information about the source afmt thatthe vibrationis more useful to obtain the detailed

information abouthe source

1.5.2 Acoustic Monitoring

This technique measures the acoustic or airborne noise signals radiated from machines, because
machines in which &ult causes vibration will invariably also produce noise. Microphones,
which are relative easy to install, are used to pick up these sound signals. Microphones are
remote and nointrusive, have a higher frequency range than accelerometers and thus are
capable of providing more information. This makes acoustic monitoring an attractive option

for online CM. The biggest single problem with acoustic monitoring is usually the

contamination of the signals by background ngl<g.

1.5.3 Oil Analysis

This technique is based on [2 Obahayysdspedgormett e ma c
during routinepredictive maintenande provide meaningful and accurate informatiom

lubricant and machine condition. It is mostly used on equipment for which it is difficult to carry

out a vibration or airborne sound analysis, such as when many moving components are close
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together, or when the transducer cannot be physically mountadsaitable location. Oil
analysis is typically used in compressors, gas turbines, reciprocating engines and gearboxes

[10].

1.5.4 Thermal, Visual and Aural Monitoring

These are other monitoring methods, which use the senses of relevant personnel. These include
touchto feel the temperature, visual to generally morthersystem, hearing to detegcteven

sounds and smell for any signs of overheating or burning. The monitoring of temperature is
also conveniently carried out by using advanced temperature monitoring systems such as
thermal imaging cameras that detect theramergy using infrared thermography technology.

Due to their norcontact nature, these cameras can be used to monitor temperatures of electrical
motors and other rotating components where wired thermocouples sensors are difficult to

install [3].

1.6 Fault Detection and Diagnosis in Gears

Fault detection and diagnosis of vibration in machines is driven by the measurement of cyclic

forcesgenerated by the drive shafts. These are modulated forces and can increase with the
rotational speed of the machine. It is often found that these occur in integer multiples. These
forces can be representative of the type of fault that generates thearbrio&en gear tooth

would produce a cyclic vibration at its meshing frequency, which is the product of the number

of teeth and the geards rotational speed.

Fault detection can be defined mkentification of the existence of a fault in machinery without

knowing the root cause.

Fault diagnosis is defined as: identifying the fault, so that corrective actions can be taken.
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Fault prognostics is defined as: enabling the prediction of failure in machines resulting in
benefits to plant operators such as shadtwntimes, higher operation reliability, reduced

operations and maintenance cost, and more effective maintenance and logistics planning.

1.7 Characteristics of Gearbox Vibration

At this point, it is very important to understand the characteristics of vibrggémeration
phenomenon prior to using vibration as an effective and efficient monitoring strategy for a gear
transmission system.

According to Welbourn, geometric errors are the prominent sources of gearbox vibrations: i.e.
the difference between the waat orientation/position of the gear and the ideal
orientation/position of the geft5]. The® geometric errors can be divided into imperfections
inherent to the gears i.e. errors bunltat the time of the manufacture, and elastic deformations

at the time of teeth meshing, all of which contribute to the overall vibration produced in the
machine.

As explained earlier, vibrations are produced at the gear meshing frequency and transmitted;
however, there may be multiple harmonics present. The important factors for any CM method
are the sidebands to these frequencies, which are separate from hiox geaft frequency.
Randall[16] classified the main causes of the vibrations generated by the gear meshing, due
to:

1) Deviations from the ideal tooth profile producing a vibration sigfi@l, dhe toothmeshing
frequency,

2) Variations in tooth loading which generate amplitude modulation,

3) Fluctuations in the rotational speed, and/or-anoifiorm tooth spacing which produce
frequency modulation effects, and

4) Local tooth faults, whiclgenerate additional impulses.
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When meshing of the gears takes place, both the magnitude and direction of the load on the
tooth become tim@ariant which causes the tooth deflection to afgj]. This results in the
production of a dominant vibration at the gear mesfrieguencyand its harmonicsQ ;

Q106 10 (1-1)

whereNp, Ng = number of teeth on pinion and gear respectively angd are rotational

speeds of the pinion and gear respectively (thespiéncies can be expected to appear in the

vibration signals).

The sidebands around the fundamental gear mesh frequency are given by the sum of the mesh

frequency and rotational speeds of the gear or pidioh

(1-2)

QQ (2-3)
where "Q iQ aresidebands around the fundamental gear mesh freqsencie

Each gear set generates a unique frequency spectrum, which is highly dependent upon the speed
of rotation of the participating gedis8]. The important fundamental geasesh frequency is

the product of the number of gear teeth and the speed of rotation of th&hgegeamesh
frequenciescan show as transients in the speatravhen the transmission is subjected to

angular aceleration and as harmonics is operating at a steady BHeed

Today, it is common practice to place an acceleromeatesay, a gearbox housing and measure
the vibration even though the measurement point is some distance away from the gearbox
components, which are the actual source of the vibration. Such an approach separates the

source from the measuring sensor, and \theation signal actually measured may not
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completely represent the actual vibration of the so[ir@g This researi will useaninverse
method, which has the ability to propagate the vibration back to its s@roroesignab

measured on the surface of housihgreby potentially removing the effect of the housing.

Generally, the vibration or other signal acquinemhf machinehousing will be composed of a
number of components including background noise and resonances, and will include the effect
of the housing on the signal, which can be a major issue fetahdardCM techniqueswhilst

the effect of the noisean be removed, or at least reduced, in measured data, theoétfeet
assembly housing remairtdowever, signals contaminated with noise can be cleaned by being

filtered to remove the noise and leave the data associated with the actyabjault

In this work it isproposedha in-situ blocked forceapproach19] be used to remove the effect

of the housing, leaving data more suited to Chhitegues. The blocked force is the force
required to constrain mechanical interface (such as the gearbox housing) so that its velocity is
zero. Pradetermined frequency response functions (FRFs) measardgkecoupledassembly

can be used tbackpropagatehe signals ta source location. This method Hascoming
increasingly popular in vibracoustics because of its ability imdependently characterise

structureborne[21-23].

This research will assess the applicability of the blocked force method to machine CM, and its
possible advantages when testing both healthy and faulty gears. Results will be compared to

those obtained by otheignal typessuch as housing adeeation.

It is hypothesised that the blocked force met{fg) will improve consistency in the measured
signals from a given component, even when the sensor is mounted on a variety of different

machines and that this will lead to more, robust and rededtalit detection criteria
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1.8 Aim

The aim of this research is to test the use of the blocked force method to determine if there is a
significant advantage in using the blocked force signal as opposed to housing acceleration or
radiated sound pressurer f@M purposes, specifically the detection and diagnosis of fault

signals from a gearbox.

1.9 Objectives

In order to achievaboveaim, thefollowing objectiveswill be adopted:

1. Reviewthe most successful signal processing methods used for identifying common
gear failure modes

2. Introduce existingonventional signal processing and analysis methods such as time
domain and frequenegomain

3. Review the blocked force method and its applications

4. Design and construct model gearbox.

5. Carry out peliminary measureents on an existing test rig.

6. Implement to dtect the seeded faults and evaluate their severity using simple and more
advanced signal processing analysis.

7. Implementthe samesignal processing analydis detect faults based on blocked force

signals.

1.100rganisation of the Thesis

This thesis is organised as follows:

Chapter 2 surveys the literature on signal processing techniques used to process CM signals.
Chapter 3 Focusses on illustrating the blocked forces. The basic concepts of blocked forces
are eylained. Surce activity of source parameters is introduced. Also it provides an

introduction to the inverse problem, with a review of the mathematical background of inverse
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methods. The matrix inversion method for the indirect determination of operdtoces is
reviewed. A simplified measurement procedure, using a fully defined receiver structure, is

proposed for the determination of approximate blocked forces.

Chapter 4 Presents the test rig, accelerometer mounting techniques, the data acquisition

system and the test rig components.

Chapter 5 Presents some of preliminary measurements of blocked forces using a simple beam

structure and complex gearbox test rig.

Chapter 6 Reports the application of fault detection techniques to identify faulte imtdel

gear.

Chapter 7 Reports the use of blocked force signals to enhance fault detection in the model

gear.

Chapter 8 Discussion, conclusion and recommendations for future work.
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Chapter 2

Background and context
Many condition monitoring techniqueand technologies have been established with the
intention of achieving the efficient detection and identification of faults within the mechanical
transmission system. This chapter presents a review of relevant literature concerned with the
condition monitang of gearboxes using vibration signals. The time domain, frequency domain
and timefrequency domains of the measured signals are discussed, and simple and more

complex parameters for their analysis and fault detection are presented.

Usually, the measement emphasis is on the use of accelerometers sited on the gearbox
housing to detect vibrations from the core elements and identify the main sources of vibration.
This chapter introducebriefly the insitu blocked force as a possible alternative to hogisi

vibration for general use in vibration fault detection and diagnosis (or prognosis).
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2.1 Introduction
Condition monitoring (CM) is the process whereby a particular system, usually industrial
machinery, has certain selected parameters monitoredrgnsgignificant change in one or

more of those parameters is taken to be an indication of a developinid fjult

Each machine has a specific vibration signature related to the structure and the condition of the
machine. The vibration signature will also change with change of state of the machine. A
change in the vibration nabe used to detect incipient defects. This is the basics of condition
monitoring methodq24]. Condition monitoring can help to increase the profit of an
organization through increased maintenance efficiency and by reducing the risk of accidents
by preventing irgrruptions. Moreover, approximately 65% of industrial machinery failure is
due to failure of gears such as pitting, spalling, cracking, \&4Hr This vibration mainly

occurred due to excessive fault.

Generally, damage to a system is any change in the sysaeadirersely affects its current or
future performancf5]. Obviously, it follows that damage is meaningduly if a comparison

can be made between the healthy condition and the second condition. Thus the concept of
damage extends to changes to the geometric and/or material properties of the system which
adversely affect system connectivity and boundary camrdifito the detriment of present or

future performancg26].

Commonly, damage releases energy, which is converted into vibrations. It is therefore possible
to record and describe damage by eixamg the signal energy and signal poy27]. The
damage types have different effects. They cause measurable physical phenoensigaat

characteristics of which permit a classification into damage {g8}s

Presently, CM is advancing at a rapid rate due to thieldement of numerous digital signal

processing techniques that are being applied for fault detection, diagnosis and prediction of
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remaining life[25]. Generally, signal processing used for machine health diagnosis can be
divided into timedomain analysis, frequency domain analysis, and joint-figguency

analysig25, 29]

Information contained in the vibration signal, and released on analysis, enables the planning of
effective maintenance actigf, 30]. Information gained from the vibration signaloalis the
assessment of the health of the machine and stage of degradation, which is crucial for making
maintenance decisions and predicting time to failure. Predictive methodologies have been
developed based on physicased modelling, system dynamics, ddt@&en evolutionary

trends, statistical reliability, etd31].

Diagnosis of a fault, for example, generally involves fauditedtion, isolation and
identification. An abnormal condition is detected, the defective component determined and an
estimate of the nature and extent of the fault m&&e 33] Prognostics is the ability to
accuately predict accurately the remaining life (time to failure) of a component, machine or
systen{31, 33] Such an approach can improve system reliability, effectiveness dbmamntce

and logistic planning34]. Prognostics has attracted considerable interest from both industry
and the research community, and prognostic systems are being successfully used for
monitoring the health condition of relatively simple rotating maehj85]. However, today,

the complexity of machines and their associated systems is increasing rapidly, and there is a
pressing need to develop progtiosechniques for real world complex systeji3s].

Vibration signal analysis is wedluited for the CM of gearboxes because changes in the
vibration sgnature is highly likely to be the result of a change in the condition of the gearbox.
This is because defects such as a damaged tooth on a gear will alter both the magnitude and
phase modul ation of the gear 6s bnatiobsigaatcaron. TF

be used to give some indication of the existence of a[z&l37]
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It has been shown ahthe amplitude of the vibration signal will depend on both the magnitude
and physical properties of the forces involya8d]. In addition, other sources of vibration will

be present due to unwanted variations in the geometric and mechanical characteristics of the
gears, these include the tooth stiffness, shaft misalignment, ergeariprofile and pitch,egar

eccentricity and change in load on each tooth as a function of the angle of ri@8fion

A number @ techniques for condition monitoring have been developed during the last decades.
These techniques generally include three basic steps; measurement of a physical quantity,
determination of suitable condition monitoring parameter with advanced signabgirare
techniques and comparison of that parameter to standard values. The following section briefly

discusses fault detection techniques.

2.2 Techniques of Fault Detection

A number of studies are presented on fault detection of gearboxes using variousnvibrat
analysis methods. Here we are going to review some of techniques used to detect and diagnose
faults of gearboxes using vibration analysis. These techniques can be categorised into three
areas: Time domain approach, Frequency domain approach andFiEqmesncy domain
approach.

Typically, fault detection begins with the tirg®main of the transducer signal (which will

often be the output of an accelerometer) and many useful parameters can be extracted using

time-domain statistical analysis.

The conditionof any rotating machinery can be estimated using techniques, which vary from
simple level measurements to advanced signal processing. The main idea is to determine a
relevant diagnostic parameter representing the degree, or state of developmentt.of a faul

To extract relevant parameters, the time domain output signals from any measurement system

are required to be interpreted and associated with faults in that machine. Industry, based on a
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mix of trial and error, and engineering analysis, uses a numlparafmeters that have been
assessed as suitable for the purpose of detecting the presence and level of[a9]efett
Statistical analysis is used to define the tigoenain signal.

In CM the most commonly used statistical parameters foakagssessment are the peak value,
Root Mean Square (RMS) a measure of the energy contained within the signal, Crest Factor
(CF) the ratio of peak value to the RMS value, and Kurtosis (K). These measures are well
established for assessing the conditiogedrs[36]. Stevens et al., claim that such measures

are most suitable for detection and diagnosis of faults when the faults add periodic pulses of
short time duration onto the base vibratgignal[41]. CF has been shown to be a sensitive
indicator of the presence of incipient faults but as the damage progresses and becomes well
advanced the CF value falls to the level of the undamaged components because the vibration
signal becomes morandom in character. Thus, statistical analyses based on CF and kurtosis
are generally not suitable to detect the later stages of motor défgicts

These measures require the implementation of some form of averaging to help eliminate
random noise. The simplest form of averaging is time domain averaging (#BA)4]which

is the simple sum of equal length samples of the time domain signal andéd-known

method used with timeeries analysis. Time synchronous averaging (TSA) is a more advanced
noise reductio techniqueIf the system is undamaged, these methods of averaging produce
useful timeseries features. However, if there is a higharae in the residual error signal, i.e.

as in the case of a damaged system, they may fail to produce usable prejdiblions

To acquire frequency domain information from the time domain, transformatiecessary
and this can be done using the Fourier Transform (including the Fast Fourier Transform (FFT)
and Digital Fourier Transform (DFT)) and tiAfrequency techniquefb], which may be

complex and costly to implement, especially when dealing with astadionary signal. The
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Fast Fourier Transform (FFT) is a historically imjaot and commonly used transformation
method, which converts a signal from the time domain into the frequency domain. The product
of this conversion is a power spectrum that shows the energy contained in the specific
frequencies of the time domain signahis is very useful for analysing stationary signals

whose frequency components do not change over time.

Domain transform is a weknown classical signal processing technique and utilizes both
Fourier and Invers€ourier analyses that estimate the spectigrourier) and cepstrum
(InverseFourier) of the signals. The measured spectrum/cepstrum of a damaged gearbox is
compared with the spectrum/cepstrum for the normal (undamaged) condition. This is often
followed by the application of appropriate filtering isolate frequency bands believed to be
associated with specific kinds of faults. In a similar context, transformed domain analysis,
envelope analysis, can also be performed to enhance the features dd&id&d

It is possible to view both time and frequency information simultaneously in a three or two
dimensional time &quency plot. The changes in particular frequency components may be
related to particular instances in time, allowing the possibility of improved fault logd8hn

Each method of timérequency analysis has its own advantages/disadvantages, but they all
require the stting of a number of parameters such as window type (e.g. Hanning), length and
overlap and lead to very similar time frequency results. The Short Time Fourier Transform
(STFT) was developed to overcome such problems and can be considered as a compromise
between timdrequency based analyses of a signal. The STFT exploits a time window to divide
the main signal into smaller parts, each part is then assumed to be a stationary signal allowing
application of the FT49]. The process is referred to as the STFT because the main signal is
separated into small time intervalherefore, it can generate varying spectrum distribution for

distinct time window$48].
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Empirical mode decomposition (EMD) decomposes the signal waveform into multiple intrinsic
mode functions (IMFs) without leaving the time domain; these tend to béneam and non
stationary. Each of these IMFs is considered to be produced by a separate source with its own
temporal characteristics. The functions into which a signal is decomposed are not only all in
the timedomain, but they are of the same duration as the origigahl, which allows for

variations of frequency with time to be retained.

A variety of methods have been developed in combination with EMD such afeimoency
analysis with AMFM demodulation (the Hilbedtluang transform HHT) [50, 51] The
TeagerKaiser Energy OperatqfTKEO) that measures the instantaneous energy of signals
composed of a single timarying frequency, and thEeagerHuang transformTHT) with
improved signahoise ratio to investigate faults in gears which, however, has the disadvantage
of being unabléo estimate frequencies higher than 1/4 of the sampling freq(e2&4]. The
parameter whichalledTotal Energys based on the calculation of energy and uses curve fitting
for the meshing frequency and itsedicind zonesvhich is combined as well with EMD for

fault detection in wind turbine blades and three phase induction njié849]

He et &, [64] presented principal component (PC) representations of the measured signals to
monitor machine conditions. The principal component analysis (PCA) technique was applied
to extract the PC representations for the vibration signals using statisicaetefor the time

and frequencylomains. They found that the PCA method was effective for machine CM when

applied to vibration signals collected from an automobile gearbox.

Another technique known as Kernel Principal Component Analysis (KPCA) has segtou
extract nonlinear features from both time and frequency domains of vibration $igijalkhe

KPCA was a development of PrincipgBomponent Analysis (PCA), with an improvement in
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clustering capability56]. KPCA has been further improved by using two different subspace

structures that can usefully be applied during the CM monitafiggarboxe$s5].

A combination of the strengths of KPCA witthsembleEmpirical Mode Decomposition

(EEMD) was presented i®7]. The proposed method was named the EEdABed multiscale

KPCA, and it provides a capable tool for treatment of-inogar multiscale data and was

shown to be sensitive to gearbox faults.

Although the techniques and methods described can detect and diagnose faults, and provide an
estimation of time to faiire in rotating machines, there are still limitations to their applications.
However, a large number of the vibration analysis techniques reviewed here do not
comprehensively take into account the vibration characteristics. In addition, not all have been
tested for detection of incipient faults, or for all machine components, and not all of them have

been used for predicting remaining useful life.

2.3 Gears and type of faults

This section presents the geaand gear faults with an emphasis on the spur geatoatiul
breakage, which are considered in this thesis. The gear is one of the most an important and
widely-used mechanical elements in rotating machis@k Industrial gearboxes are employed

to transmit torque and rotary motion from an input shaft tmaput shaft. In industry,
breakdown of such crucial components can cause heavy financial losses. Gearboxes have limits
on vibration and temperature levels which should be adhered to as exceeding these limits will
directly and adversely affect the wholestem[5].

As the gear teeth start meshing, they will generate vibratiochwiravels via the gears to the
mounting shafts, to the bearings and to the gear housing where it is detected, usually by an
accelerometer. As the vibration travels outwards from its point of origin towards the sensor it
will be adulterated by vibrationsdm a variety of other sources, so that sensor signals will

usually need processing and, possibly, filtef5@).
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There are various types of gears; spur, helical, bevel and worm gears are the most common
types used in industrjg0]. All have a driven wheel and a driving wheel, but differ in the
arrangement and shape oé tivheels. Spur gears were selected from the various types of gears
available for the experimental work, on consideration of its proneness to failure due to tooth

breakage.

2.3.1 Spur gears

The spur gear, see Figure (2.1), the simplest type of gear whichothadaylindrical wheel,

is used to convert one drive speed to another, and transmit rotary motion and torque between
parallel shaft$60, 61] It is known that the operational efficiencysgiur gears is much higher

than for any other gear type and so involute gearing has found many applications in industry.

Advantages of spur gears with involute profile can be listed as:

c:

Simplicity of design, relatively cheap to manufacture and easy to araint

c:

It is simple to change tooth thickness and centre distance (distance between the axes of
the two gears in mesh),

U Spur gears are usually high precision products,

U Standard tools can be used to produce nonstandard involute gears,

U For spur gears a chamgn the centre distance does not result in transmission error,

U Spur gears impose only radial loads on the bearings so there is no end thrust.
However, spur gears are considered slow speed gears, but if noise is not a severe problem, spur
gears can be used almost any speed. Another disadvantage is that spur gears cannot be used
where a change of direction between two shafts is required. This is because they have teeth that

are parallel to the shaft (normal to the face of the gear).
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Figure 2-1 Spur Gear[62]

Table 2-1 Types and Functions of Spur gear

Gear type Subtype remarks

1 Generates less noise wi
optimum design
Normal spur gears f Lubrication required for steg
Spur gear pinion but not for plastic
High efficiency
Used for parallel shafts
Easy to design and produce
Single ratio of up to 1:10

=A =4 =4 =4

Hascompactgeometry profile
Used in planetary gear
production

{1 Has the same function as norm
gears

= =1

Internal spugear

The gear with the fewer teeth is called the pinion. The speed of rotation is increased when the
gear drives the pinion, and reduced when the pidigve the gear. For this thesis, the spur
gears have been chosen with the same number of teeth for ease of calculation of drive shaft

speeds and likely vibration frequencies.
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2.3.2 Helical gears
Figure (2.2) shows helical gears, which have inclined teettin (te# at an angle to the face of the gear)
on the surface of the wheel. Its operation is smoother and quitter as compared with the spur gear. It is

mostly commonly used in transmission gearboxes.

Figure 2-2 Helical Gear[63]

2.3.3 Worm Gears

Worm gears resemble screws and thus can drivel beelical or spur gears, see Figure (2.3).
Worm gears have the advantage that they can be used to translate rotational motion into
translational movement. Another advantage is that they can be used to mastersecting

mutually perpendicular, shatft

A valuable characteristic of the way in which worm gears mesh is that, when a worm gear
turns, the meshing worm wheel also turns, see Figure (2.3), but turning the worm wheel will

not turn the worm ged61].
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WorM GEAR

Worm WHEEL

Figure 2-3 Worm Gear[64]

2.3.4 Bevel Gears

These are the gears, which transfer power between twaratiel or intersecting shafts.

These types of gears are most commonly used in the differential drives of automobiles. Bevel
gears shown in Figure (2.4) are often used for power trasgmisetween mutually
perpendicular shafts. The gear teeth are straight cut to form base of a right circular cone and all
point to its apex. The I|lines of the two shatf
Disadvantage of bevel hears is tHiay generate considerable noise when run at high speeds

and they cannot be used with parallel shi#ftg.

Figure 2-4 Bevel Geaf63]
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2.4 Type of gear faults(gear failures)

Gears are considered to have failed when they can no longer efficiently do the job for which
they were designed. The cause of failure may range from excessive wear to catastrophic
breakage. Many modes of gear failure have been identiftedexample, tooth breakage,
fatigue, wear, impact or plastic deformation.

The force transferred between the pinion and gear has an effect on the teeth, and will sometimes
increase the stress on the toothus tooth deformation can occur and tooth brgaka one of

the most common causes of gear fai[®leSuch a failure is refred to as a gear failure mode.
Following are short descriptions of several faults, starting with the most common; tooth

breakage:
Tooth breakage:

Tooth breakage invariably starts with a small crack which begins at the weakest point on the
tooth; see kgure (2.5), at the root of the tooth where high stress concentration combines with
high tensile stress. The crack will then progress across the whole tooth. The precise direction
of propagation of the crack is usually unpredictable, but in the majorityeofcases it
propagates downwards towards the rim of the fEdr

This is the gear fault most likely to cause additionabse problems to other components such

as bearings and shafts. Lin and 466] have described how this fault can lead to complete

failure of the gearbox and the power transmission system.
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Figure 2-5 Fatigue Crack in gear tooth root[66]

Breakage can occur in gears as shown in Figure (2.6), because of a sudden shock load, overload,
or impact in excess of the ultimate tensile strength of the material of odisirwor a break

may be the result of numerous repetitions of stress, below the ultimate tensile strength, which
weakens the metal and finally results in failure by fatigue [86]. Gears can fail due to excessive

tooth breakage, due to bending stressesearw

Figure 2-6 Gear tooth breakagg67]
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Pitting: is a form of surface fatigue as shown in Figl#&) and is due to the contact stress
being greater than theurface fatigue strength of the gear material. Over time with repeated
application (possibly millions of times) of the load, minute amounts of material are removed
and a pit is formed. Once a pit is present it spreads at an accelerating rate becauterai add
impact load is imposed on the surrounding thepitied areas, causing fracture in a tooth

already weakene®8].

Figure 2-7 Pitting in a gear tooth [69]

Wear failure Wear is the removal of material at the point of contact between pairs of teeth.
Figures (2.8) and (2.9) show typical gear tooth wear faultdhéddeeth move in and out of
contact, they experience local deformation in the region of the contact due to the mechanical
forces in actionj70]. If this deformation is excessive wear, (removal of a layer of material from

the surface) can be rapid and the teeth will weagidha

Wear usually takes one of two forfigé]: Adhesive wear metal particles are transferred from
one tooth to its mating tooth by a form of welding action; and abrasive wearsed by

abrasive particles being present in the meshing area.
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Figure 2-8 Photo of Gear Adhesive Weaf71]

Figure 2-9 Photo of Gear AbrasiveWear[71]

Crack: Fatigue is one of the most common forms of failure in gears. A fatigue crack in a gear
tooth root usually begins in the root fillet and while the precissction of propagation of the
crack is usually unpredictable, in the majority of the cases it propagates downwards towards

the rim of the geaf66].

Additionally, distributed defects include misalignment and surface inaccuracies. Both

distributed and loal gear faults increase vibration levels. From the CM viewpoint, localized
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defects are more important, especially tooth breakage because this can occur with little warning

and its effect has been catastrophic in machines such as heli¢dpiet3]

Vibration is caused even in healthy gearbox byhtouneshing, gear shaft rotatiambalance
as well as by additional mechanisms duthtexistence of fault. The vibration measured as
a result of the above mechanisms is further affected by the properties of the housing. To

overcome the additional effeof the housing, an inverse method is proposed.

2.5 The proposed approach

In the previous chapter, proposed method calleditin blocked force has been briefly
discussedlt is an inverse method, which the acquired vibration signals are propagated back
towards the excitation source to provide a more direct measurement of the actual source
mechanisms. This method could be useful for CM because it might offer the possibility of (a)

better fault location, and (b) establishing criteria for fault conditibf@k

Generally, the gearbox housing is considered to be passive and is excited by a number of
embedded active mechanical components, agdsearings etc. To understand the vibration of

the machine housing, the classical approach was to apply signal processing to the measured
transducer signals to extract information about possible faults in the active components. Of
course, the overall vilation signal is a composite signal which, when discretized, will reveal
combinations of excitations coming from a variety of active components and resonances of the
housing[19]. If the exciting forces can be determined and interpreted that could reveal more
precise information about the nature of the active sources of vibration and which are potential

faults.

Excitation forces can beetermined by a number of existing inverse methpp@s77].
However, most of these would not be practical in the context of CM since they require the

machine to be dismantled for certain measurements (such agrfoggresponse function
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measurements), which is not practicable because of the time required, the impossibility of

separating the individual components in a gearbox, and the associated costs.

To overcome these and other similar problems, tha&tinblockel force method has been
developed and offered the advantage that all measurements are condigitedom the
assembled machirjé8], and thus offers the cleanahtage that all measurements can be made

at one place and with the gearbox in assembled form. So far, no published report has been
found on using the isitu blocked force method in the field of condition monitoring,
specifically for detecting faults irotating machineslo test this approach in the CM field for

fault detection a gearbox test rig has been designed and built, and is fully described in Chapter

4. This test rig will be used for acceleration and blocked force measurements.

A variety of invese methods exist by which the excitation forces can be deteriTi&&2],
but most of these would not be practicable in a CM context because they require the machine

to be dismantled for certain of the measuremment

This method has been recently used for the diagnosis and prediction of stbocheesound
and vibration inside vehicl¢83, 84]and dwellingg85, 86] The blocked force has since found
applications within the fields offransfer Path Analysis (TPA)B3, 87] dynamic sub

structuring (DS)88, 89]and virtual acoustic prototyping (VAPO].

The aim of this research is to employ the same approach for the indirect measurement of
blocked forces at the gear mesh point in a gearbox and to use the acquired blmeksighals

for detecting the presence of seeded faults.

2.6 Summary

Much of the abowvanentioned research work has been carried out to develop reliable methods
and techniques for the purpose of fault detection in gears, but have not been fully successful.
Proven techniques include vibration analysis but no single technique has shown itself to be a
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universal method that can detect all machine faults. This research project focuses on detecting
and diagnosing faults to determine if there is an advantage inthsitdpcked force signal as
opposed to housing acceleration for condition monitoring purposes. The aim is to apply this
new method to gearboxes to test its performance, to apply to a real machine some of the
techniques that have been successfully appii¢de laboratory.

Although the vibration measurement is the most widely used CM technique in industry due to
its proven ability to detect the presence of faults, nevertheless, it is still limited when it comes
to identifying total faults present and, cemtly, can identify only 60% to 70% of all machine

faults[91, 92]

There remaina need to develop a universal technique to detect and diagnose faults at an early
stage and predict remaining useful life for all rotating machinery comporsmsysreport

that these componenfgears, bearings and shafteat are the most likely caas of major
machine breakdowribthe fault is not detected at early staf#3]. Despite signal processing

based fault diagnosis being widelisedand found to be a powerful and effective tool,
analysing, interpreting and diagnosing the complex signals faults produce requires
considerable experience and experf&295]. Thus, more consideration should be given to
components and their types of faults to improve and develop the way of measuring them.
Blocked forces may have the potential to do this because they have amtimcagaebility for

noise reduction and signal enhancement. The use of blocked force signals will be investigated
in this research as a means of developing enhanced CM techniques. In the following chapter,
discussion with more details about the proposedaampr: the irsitu blocked force will be

given
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Chapter 3

The in situ measurement of the blocked force of vibration
sources

In the previous chapters, the background of condition monitoring, fault detection techniques,
types of gears and their defetias been presented. A brief discussion has been given about
the proposed blocked force method as well. This chapter introduces the blocked force concept

and explores measurement methods to obtain the blocked force.
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3.1 Introduction
In the previousltapter, a brief description was given about fault detection techniques, types of
gear and faults, and a new approach, the blocked force method. In this chapter, more details

are given about the blocked force method and its applications.

Vibration responsef open assembly is caused by the internal forces and the transfer function
is related to source and receiv&hese internal forces are not easy to model or measure so, as
an alternative, equivalent operational interface forces are typically[88gdAlso, in many
situations, it is not easy to determine the direct load using, e.g., force transducers located at the

connecting interfaces.

Blocked forces havan inherent capability for noise reduction and signal enhanceiiey

have been known and usext some time in such areas as prediction of strudtaree sounds

in order to eliminate the noise source. Elliot and Moorhdu$e 86, 96, 97]83] have
demonstrated how beneficial the blocked force method could be for the intrinsic
characterization of the source. This research explores utilizing the blocked force method in the
field of condition maitoring of machines. The method is proposed to be used in situ to perform
all the measurement tasks at one place and with the gearbox in assemblgtBfpmmich

could offer significat advantages over other, more conventional methods.

This thesis will focus on exploring the use of the blocked force methsitiuirand will also
discuss all the potential benefits that this method could offer in the context of condition
monitoring. Conentionally, the CM of machines has been performed by acquiring the
vibration data from the machine housing and using these vibration signals to detect the
underlying source of the fault signal. It is recognised that inverse methods require extensive

measuements and management effort to be successful in the field. However, on the other hand,
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these methods, have already provided established platforms for criteria for fault conditions and

locations[19].

The inverse method procedure to successfully locate a fault is to discretize the housing structure
into active areas, where the potential fault sources could be, and passivéleeasiidence

with which the sections are obtained is heavily dependent up on selecting the correct
boundaries when discretizing the housing, as there may be sources of faults that could be shared
across boundaries. Generally, the source regions consist of cenmtgowhich could generate
vibrations; these include gears, etc. It has been tioéeédhe frequency domain can be used to
express the vibration fields in two parts 1) as the product of an excitation function acting at
source boundaries and 2) as a matfifrequency response functions between the boundaries

and receiver locatior49].

It has also been the case tthgassive structures have been excited by the active
components located in the active sections of the housing. During the condition
monitoring, the signals obtained from the housing in this case are a mixture of the
vibrations from active components ance thresonance of the housing due to those
vibrations. This causes extreme difficulties in identifying the actual source of the fault
and offers a substantial challenge; to study the signals obtained and filter out the actual
source of the fault and identifyne condition of the components residing inside the
housing. In situ measurements, when performed using the inverse method require the
measurement of the frequency response function (FRF) prior to the analysis. Tise FRF

a passive property thatescribesthe linear relation between an applied force and a
resultant responsd@hus, the passive measurement can be conducted by exciting the
pointswith a known forcgaccelerometer positiorag the interface or where it is easy to

apply the forceyvhich will bedescribed later in chapter 5.
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The accelerancke of the structure (between DoFs i and jdiefined as theomplex

ratio of the acceleration responseheinputforce,

(3-1)

Rl >

whereAHs the force and is the acceleration, i and j indicate thecitation and respon&oFs

respectively

An assumption here is that this ratio does not vary due to any of the factors such as the level,
spectral shape or time characteristitthe input force. In addition, another assumption is that
the source, as a system, is linear and does not vary with time. In other words, the machine

housing is considered a linear, time invariant system.

It is possible to describe the passive propeofiesn assembly in any of the kinematic variables
typically encountered, i.e. displacement, velocity or accelerdtissmpossible to interchange
between any of the above through integration or differentiation with respect to time. In this
work we will deal exclusively with acceleration, since this is the quantity we measure directly.
Mobility based methods in cited works are readily converted into accelerance form through the

relations,

(3-2)

(3-3)

WhereAandOare the acceleration and velocity, respectively,laadd9 are the accelerar

and mobility, respectively.
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The examination of the advantages of the inverse methods must sideced in order to
maximise them when condition monitorifi®]. One way to measure the forces is by inserting
forcetransducers between the source and a structure. In this way the movement of the source
may be prevented, which may also restrict the measurement of the true blocked force. However,
force transducers need to be compressible (i.e. move) to function aredrsx mleal for these

types of measurements. Nevertheless, it is possible for the blocked force to be measured in this
way over limited frequency ranges, though making measurement on any sort of complex

structure poses extreme difficulties and uncertesftio].

3.2 Source parameters

Sources of structureorne sound have been, typically, categorized in terms that idchadle

the dynamic properties of the structbhwoxe and
approach may be used in which an internal source induces an excitation which is transmitted

by means of a linear, passive structure to the source int¢@&RlcaVith these assumptions it

follows that the internal workings of the source may be assumed to be unknowable and need
not be considered. It follows that the sources of observations magelgiately explained in

terms the termial outputs only. Either the blocked foremd/or thefree velocityat the

terminalsaresufficient to describe the active properties (i. e. internal excitation) of the source.
3.2.1 Source activity

The source strength (or source activity) depends on levelatncerof the internal excitation.

The internal excitation may be due to impacts, pressure fluctuations, frictional or rotating
forces, though most often is a combination of such mechanisms. It is because direct
measurement of the internal excitation med$rans often practically impossibly, and always
difficult, that the source activity is described in terms of measurements made at the source

terminals[23].
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When this method is useful for source characterization, it is necessary to define the passive
and active properties of the source. In this thesis, the empsaiferent whichis not the
source characterization, but simply we are looking for the signal represents the source

mechanismsWe then can focus on active properties and neglect the passive properties.

3.2.2 Source, receiver and interface

Any structure can be divided into a source egakiver, coupled along an interface. The figure
(3.1) illustrates the schematically source, receiver and the interface. The source is an arbitrary
region of the assembly that contains all of operational components while the receiver is the
remaining porn of this assembly. Where we placed the interface is a crucial decision but, to

some extent, arbitrary provided the source mechanisms are all contain within the source.

Experimentally, it is a very important decision to choose where to put the acceknorfer

defining the interface, we are going to start with simple beam structure where the interface is

the twacoupled points of the source and receiver beams, see chapter 5. Moreover, for more
complex structure (gearbox test rig), two choices of iateriwill be investigated. In one, the
6sourced includes the shaft and in the secor
mesh points. For the gearbox test rig, it is begun with the interface considered as the two
supporting bearings and theashto define the blocked force on that region. The aim was to

calculate the blocked force at the interface close to gear meshing points.

The point (c) at degree of freedom is used to separate the source and receiver. While (b) points
are set of DoF on ceiver that will be used later to characterise blocked forces and (r) is the

remote reference point on receiver that is not in (b) will be used for validation purposes.
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Figure 3-1 General schematic of soure, receiver and interface

Free Velocity

Elliott and Moorhouse have defined the free veloélﬁﬁl,(or equivalently, the free acceleration
als

=|=1|:% where superscript denotes a free quantjtya s it he operational

uncastrained sourcf96] it is measured at the terminals of the source when the generalized

forces at those terminals are zero.

W ey, (3-4)
A necessary condition is that no other structure in any way limits the movement of the source.
It is possible to approximate this condition for smsdlurces by suspending the source
elastically by, for example, springs of low stiffness, but there must be no connection at the
coupling points. Larger sources could be placed on a resilient layer of such low stiffness that it
has no effect on the measuremmm the frequency range of interest. The measurement of free
velocity is considered a relatively easy measurement for the characterisation of a structure

borne signaj23].
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In other words, the free velocity of a machine (at a connection point) is the velocity manifested
at that point when the machine is run under normal operating conditioisSieely suspended

such that it is not connected to any external stru¢@@je As the free velocity may be generated

by variouscomplex mechanisms acting at any point internal to the machine, no general model

can be forme(t100].

The disadantage of the free velocity is that, it cannot be measured because the source is
designed to operate whilst attached to a receiver structure. Simply, the source cannot be
operated properly unless it is coupled to a receiver and hence the dismantlingmirtee

receiver assembly and free suspension of a source is problematic. Thus, measurements of free
velocity are usually compromised and time consuming. An alternative to the free velocity is

the blocked forc§l01].
Blocked force

With reference to figuré3.1), the blocked forcelf},., (in this work the over bar will be used to

distinguish the blocked force from the standard operational fareejlefined as the forces
required to counterma oper ati onal sourceds act-reeeivdry so |

interface is supressed to zero.

I‘I"H IA‘H 7'1H% (3-5)

wheref, jsthe forceeer t ed by the O6sourced on flﬂ%pe recei

indicates that it is blocked at its boundary.

Which means the movement of the source is completely restricted. In practice, this can only be
approximated as it requires arfinitely rigid receiver. Force transducers need to be inserted
between source and receiver to measure the force. For several sources this modifies the

mounting situation, yielding blocked force data which is not truly representative. The
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measurement ofibbcked force is generally considered one of the more difficult measurements

in structure borne source characterizaf®r.

Source activity for multiple degrees of freedom DoF)

The dynamic characteristics of structln@ne vibration are usually expressed in terms of
acceleranceand its reciprodaimpedancg88]. However,accelerance the more practical to
measure because while impedance measurements require the source terminals to be blocked
for every degree of freedomDpF), accelerancemeasurements have a maiehievable
constraint, requiring only the source terminals be {d@2]. The latter is much easier to

achieve practically. Tirs, in what follows onlythe acceleranceare described in any detail.

Blocked force and free velocity are both complex functionsesfuency. They are linked by

the mobilityﬁﬁ.,H..,pf the source, defined as follows:

[ o (36)
Theequation(3.5) uses vect@andmatrices to show both multiple terminals and multipdé-
at eaclterminal.An overview of thematrix notation used in this thesis is provided in Appendix

(A). For sources witld DoF at each terminal and terminals, the blocked force atttkfree

velocity termsextend tovectos with size . - p:
O q
xo . O o . &
2 o 2 A
AT B AT B
T ry ~ ny ~
h ~ 8 = B 5 8 =
ad 8 & & 8 &
8 8
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Each entry in the vectow represent@cceleratins (either angular or linear) ane of the
source terminal Correspondingly, eacbf the vecta entry in lm may be considered a

generalised force, describing either translationary or moment forces.
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For sources witld terminals and) DoF at each terminal, thaccelerancéermextends

to asquare matrix of size) 0 0 0 . Figure (3.2) depictshe generalcase 0

p, which represds a single point of excitatioB.DoFs are involved in the excitation of
the receivestructure the gap accelerancenatrix which represents the orthogonal forces
B andl] and moments K and- 8with the corresponding response quantities

®,0 , O ,—, — and—; has the following fornas inEq. (36):

Figure 3-2 Point excitation, general case (aftef103]). Six degrees of freedom are involved: three

translational and three rotational components

I I
L I I I I I ~
) I I I I I =,
A i "1 - 01 - : : ~. (37)
A ! ! ! ! L, =
& il | | sl ‘q q g
| | I | I | ¢
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dlqp 'oB ‘9B !9 Ly 'y O

For more than one sowt¢erminal, interaction between the terminals must be included. If there
are. terminals, the sourcaccelerancenatrix will increase in sizetp . ¢ .. Obviously, it
would be very timeconsuming to attempt to determine every matrix element experimentally.

This is doubly true if it is required to obtaagcelerancesontaining rotationaDoF. Petersson
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and Gibbs have suggested tlatee quartes of accelerancenatrix involve translations or
moments, while only one quarter consists of purely of translatation [103].

In apractical situationoftenonly threeDoF are taken into consideration; the foamdeleration
normal to the surfac& and the two moments/angukaccelerationsbout the irplane axes
(- and- )[23].

Source invariance

When charactesing source strength using free velocity or blocked fotlee,activity of the

source is assumed invariant of the constraints exerted on it by the receiver, it is assumed that
whether in thd-ree Stateor the blocked state, or any intermediate state, the internal source is
assumed to act in identically the samaywit is accepted that this assumption has limits for
some classes of sources of structomene soundl101, 104] Such feedback will affect source
activityand sso tfui Mmeasur ement so, where the source
the conditions of the actual installation, would appear better suited to obtain representative
source characteristics.

Reciprocity

Reciprocity plays an important role faccelerancas shown in Equation @. The theorem

of reciprocitycommunicates the transfer function between positions 1 and 2 to the transfer
function between positions 2 and 1. Hoeelerancenatrix is symmetric, and the effiagonal

elements are relatithrough the principle of reciprocity

I (3-8)

The accelerancdéunction possesses a reciprocity property, which can be used to verify the
measurement datA.simple comparison betweeretbff-diagonal matrix elementanexpose

the problemswith the measured data aptbvidean indication of the qualitgf themeasured
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accelerance If the off-diagonal elements are of high quality, it is likely that the point

acceleranes on the diagonalre also of good quality.

3.3 Direct measurement (source characterization)

Free velocity can be measured directly quite easily by freely suspending the source. In theory,
the blocked force can also be measured directly, but only approximately, using adekgegbl

mass.

The direct measurement of forces and moments offers greater challenges than the measurement
of linear or angular velocity because the transducers used for the measurements must be
inserted between the source and the recdi®@t]. At present, both the transducers and
methodologies exist for the direct measurement of the moments. Thus, it has been assumed that
it is not possible to directly measure the operational monji28js

There are two general strategies for characterising sources based on forces; (i) direct methods
in whichforce sensors are used to measure the forces directly, and (ii) indirect methods, which
do not use force sensors in the line of the force[B3%

Unlike operational forces, the direct measurement of blocked force may only be approximated
as it requires an infinitely rigid receiver. Like the operational force however, it has been shown
that he blocked force may be acquired indirectly through an inverse prodé@&iein this
research, the indirect measurement wilbldeptedo obtain the blocked forcé.is practically

impossible to insert forceansduces in gearbox to get direct measurement of the forces.

3.4 The inverse problem

The inverse problem is a popular researched {@gic23, 106Jn which thegeneral idea is to
backcalculate the inputs to a system from knowledge of the outputs. When an inversion
method is applied to matrices, principal challenges must be addrésgggheralthe main

challenge is concerned with inverse methisds-condiioning. If the conditioning is pogithe
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answer is very sensitive to erroiSo, n that casethe answer can be improved by over
determined.

Further to ill conditioning, careful manipulations of the FRF matrices may be required to
successfully solve thaverse problemCompared to the conventional CM methods available,
the blocked force requires an additional stage in which the Ffichare used to characterize

t he mac hi naénseassrédhisisthewnddiional step, over and above standdtd
measurements, that is required to solve the inversion prdb@mMore details with regards

to the inverse prdem aredescribed in the following sections.

3.4.1 Fundamentals of matrix inversion
Before considering the inverse problem, we briefly discussed some fundamentals related to
inversion matrix for completenesA. system ofé linear equations can be written in matrix

form [107-109],
U £¢@ (3-9)
Here,Uand@are¢  p column vectors, anél isa¢ & square matrix(For an overview of

matrix notations and definitions, see Appendi®). lve Equation(3.9) for @it requires an

inversion of the matrig :

@ & U (3-10)

The invers&€ ofa¢ ¢ matrix £ is definedas:

(3-11)

whereg€ is the¢ € identity matrix. If€  exists,€ is said to be nosingular. Otherwise
is said to be singulaif € is singular, Equation3(10 has no solution or infinitely many

solutions.
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For a norsingular matrix , a perturbation i@leads to a perturbation i
U YU ¢ @ Yo (3-12)
Similarly, a perturb@on in Uwill lead to a perturbatiom @
g Yo & U YU (3-13)
Simplifying Equation (3.3) as following
Yo & YU (3-14)

Equations (3.3) and (3.14) presentone of the central problentd the matrix inversionthe
propagation and in some cases amplification of input errors to the otitpugrtors inJare
propagating int@via theinverse matrix. The stability of@dwith respectso errorsn Udepends
on the conditiorof & . If small changes ifYUresult in small changes Y& the matrixé is said
to be weltconditioned Additionally, if small changes iYUresult in large changes Y& the
matrix€ is said to be ilconditioned. The conditionf matrixtherefore desdves thesensitivity
of the outputdto changesn the inputd A measure for the stability of the solution is the
condition number of . It is very normal to use regularisation but it will not be used in this
thesis.
Matrix condition
For a perturbatiomi’A an upper bound of the relative erroniis given[104, 109, 11Q]

AYOE AY NE

—— mAE 31
A RAEE ANE (3-19)

Here,A34indicates a matrix normes AppendixThe termis called the condition number of

the matrix€ [109].
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[8 EEE (3-16)

From Equation (39):

. AYQAE : VO& :
u For smal | % ,/E:)/étvnhbe smaltwheﬁcpl /ij/EIS small.

9

y AYQE YOE .
a For | arge 8 ,AmEtcdn be lagge,reven whé'ﬂ/ /@Elssmall.

Values for the condition number lie between 1 and infirpty: || H8A high condition
number | p) indicates an iconditioned matrix. The condition of a matrix is an intrinsic

property of the matrix, and independefnthe algorithm used for inveion.

When ugng the 2norm in Equation (3.106the condition number can be expressed as the ratio

of the smallest and the largest singular vaite:

[ mE - (3-17)

Briefly, when the condition number is large the solution is sensitive to errors. The implications

for the determination of the blocked force are discussed later.
Singular value decomposition

Singular value decomposition (SVD) is required ttaobthe singular values of a matrishe

SVD factorizes ai € matrix€ into the three matricea$, r}, andfj [108].

& AN (3-18)
N is anmxm real or complexunitary matrix;r is anmxn rectangular diagonal matrix with

nonnegative real element§! is annxn real or complex unitary matrix.
The diagonaéntries off] are the singular valugs of € :

n AEA@S8h M I EbR (3-19
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The m columns off} and the n columns af are called the lefsingular vectors and right

singulr vectors ot , respectivelyj108].

The generalized inverse

For a rectangular matri of sized ¢, whered ¢, the inverse is not defined. Instead, a

generalized inverse or pseuthverse can be calculated:

g geg gt (3-20)
The inverse matrixé has sized w&. The generalized inverse was first proposed by
Moorg111], and later by Penro4&12], which is often called théVloore-Penrose pseudo

inverse.

For thegereralized inversea least squarmethods usedo solve Equation (20). The SVD
is employed for the calculation f . From Equation (38), the inverse of is readily

available:

e R A (3-21)
Equation (3.2} still requires the inversion of However 1 is a diagonal matrithatcan be

easily inverted by replacing the singular values on the diagonal byréeprocal values

N AEAC B8P . The SVD therefore is a convenient tool to calculate the

generalized inverse.

3.4.2 Methods to mitigate matrix inversion problems

The above sections have discussed the problems that are associated with matrix inversions such
as ill-conditioned matrices and the subsequent amplification of errors in the input data. In order
to mitigate these problems, there exist varieties of methdush can improve the processes

involved within matrix inversions.
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Over-determination

In overdetermination, a larger amount of input data is supplied to a problem than is required
to solve it. For example, for a system as in Equation (3.8) &vithknown variables@has

size¢  p), & known variables  has sized p) are supplied to solve the problem,
whered  &. The matrixeé therefore hasized €, and Equation (3.)0has the following

form:

4 Eio1 U (3-22)

As mentioned abovehe matrix €y ;7 hassize¢ & . The use of the generalized inverse
to obtaing leads to a bedit approximation for the solutiof23], that is it gives a least

squares solution.

3.5 Review of inverse force determination
Indirect measurement and quantificatidroperational forces has been a popular subject among

engineers especially within the automotive industry where a significant amount of research

Il iterature exists, dating back to tHHE3198006

115]. This areaof research gained in popularity and a continuous flow of publications is now
being witnessefll16-118]. In this section the maindevelopments and findings in the field of
inverse force determinatioare reviewed Topics discussed include associated errors,-over

determination and regularization methods and optimization of response measurement locations.

For a single DoF, gibrating source, connected to a receiver structure, exerts a varying force

at the nterfacethat in turn excites the receivexs in figure (3.1) The forcel and the
acceleratiotH are linked by the receiveransferacceleranctrough,H ="A || . Ifthere

is more than one contact or componefimotion ] andH are vectors an  is a matrix
T Pl (323
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Thusif the receiver stru(:turtaccelerati0n:|=F++ is remote from thecontactinterface, Ay .,,.is
considered as a transtrcelerancenatrix. The following discussion will classify the transfer
accelerancenatrix as FRF matrix. Aie operational forces at the sourcerecever interface

can be obtained using tlsuaion (3.24) where thelA.kpan be solved as:

B. Aoty (3-24)
Equation (3.2)allows a procedure, which consists of three steps for obtaining the contact forces

between source and receiver indirectly:

1. The forces are applied at each of the contact positions one at a time in order to obtain
the RFmatrix Ay, Qf the uncoupled receiver structure (housing). The respaatsais
regonse positions are recormt during this procedure.

2. The source is connected to the structure, an@d:belerationi:ﬂat the same response
positions are recorded during the operation of the source.

3. The FRF matrix is inverted and multiplied with the velocity response véeiguency

by frequency. Then, the operational contact forces are calculated from Equatn (3.2

3.5.1 In-situ Blocked Force

When using Equation (3.24he operational forces obtained are constrained to the given
sourcereceiver combination. If there are atlyanges to the sourceceiver arrangement, the
source is moved or the structure is changed in some way, then the force musdlbelated

via a new set of measurements of the frequency response functions.

To overcome this constraint Moorhouse et [dl05] developed a modification of Equation
(3.24). These authors suggested inverting the frequency response function matrix of the
coupledaccelernace$,,, instead of the uncoupled receivaacelernacesy,..see Equation

(3.25 which gives the blocked forces, independently of receiver structure.
B P Rt (3-29)
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Again, the above bar notation is used to denote a blocked conditierattractiveness of
Equation (3.2pis that it yields blocked forces of the source when coupled to a receiver
structure. The direct measurement of blocked forces poses practitahgbs. Furthermore,

in-situ determination of blocked forces circumvents the problem of source invariance. Since
the source activity is obtained in a representative mounting condition, results can be assumed
to be similar to those in other similar mougticonditions.

Equation (3.2p requires the determination of the coupled (transémcelerancematrix.
Provided there is access to the soursmeiver interface to attach accelerometers, this is similar

to the determination of the uncoupladcelerancenatix. Equation (3.8) was successfully

used in several studies sucH®K9, 120]but it does not solve problems associatéti matrix

inversion, or the challenge of obtaining all necesaacglerancéerms.

Moreover, arelatively new approach, known as thesitu blocked force method, has the
advantage that blocked forces can be obtained from-atage measurement condutie-situ,
i.e. when the source is connected to a receiver, thus facilitating independent source

characterization, while the source is operated under realistic condit@Bis

The forces in Equation (3.24re specific to the receiver structure, so that the same source on a
different receiver will produce different contact forces. Therefore, even a slight modification in
the receiver or source position would requiesv set of calculations of the operation forces to

obtain a new set of measurements for the modified FRF matrix.

As with Equation (3.23) so with Equation (3)24he operational forces obtained are
constrained to the given soufceceiver combinatiorAgain, if there are any changes to the
sourcereceiver arrangement, the source is moved or the structure is changed in some way, then
the force must be realculated via a new set of measurements of the frequency response

functions.
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Again using Equatin (3.25, blocked forces independent of the receiver structure can be
obtained.Equation (3.2bcan also provide information of the blocked forces when the source

and structure of the receiver are coupled.

Several studiefl19-121] have applied Equatiof8.25 with success; however, the problems
associated with matrix inversions and the challenges of obtaining all necassalgrance
termsremain The insitu approach allows for blocked force to be estimate fromweaend
passive measurements made on the assembly in its natural state, unlike the direct measurement
which requires the interface to be constrained, which is typically not possible in practical
scenarios.

It is important taunderstandhe differences betaen the operational and blocked forces where

the operational force describes the force applied to receiver by source whilst the blocked force
describes the force applied by source to infinitely rigid receiVee blocked force is
transferable whethe reeiver is changing (itheoretically should be the samvbenthe source

is changing form housing to anothddpwever, if the source is moved or the receiver structure

is changed, a new calculation of the operational forces is requinéch entails a newset of

measurements of the altered FRF matrix.

Having measured the O6accelerationd, it i s

calculate the blocked force at the interface as in E&5)

On-board validatiorpredicting operational responsangsthe acquired blocked forces.
ta Pl (3-26)

where »is a new set of reference DoF dhg .is the transfer accelerance between the source
contact points and the remote response posifibe.predicted acceleration is then used to
validate the obtained blocked force signal by comparing it with the directly measured

acceleration.
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3.5.2 Errors as®ciated with inverse force determination
There are two types of errors, which play an important role enptiocess of inverse force

determination, they are: $jatisticalor randomerors 2)deterministicor systematicerrors.
Statistical errors
Statistical errors that are associated with the inverse force determination {di&2He

U Random noise in the FRF estimates;

U Random noise in the operational response signals.

A general introduction to the inverse preil in Section 3 also addressed the problem of
random errors. This can be further explained as, for example, if FRF matrix is inverted, then
depending on its condition, small errors in ve@&aanresult inlarge errors in the vectd see
Equation (314). This means that random errors are almost inevitable in the response vector
which is obtained during the force determination, because the response vector is contaminated

with background noise and the resonant behaviour of the receiver structure.

As a esult the condition of the FRF matrix assumes importance. Noisy measurement data in
combination with an ill conditioned FRF matrix can give rise to large errors in the force
estimates. If the errors in the response velocity vector are large, but theorondimbers of

the FRF matrix are small, the errors in the measured velocities are simply propagated to the

force estinates without much amplification.

An investigation was conducted by BIHLR3] on errors introduced by a typical FFT of FRFs

and response spectra on the excitation forces which had been inversely determined. Blau
developed an error model in which individual foestimate is statistically calculated using the
statistical errors found in the FRFs and r e:

found in[124]. One of his findings was to show a tendency for random errors to distribute

74



uniformly across the force spectrum. Another highlights to show relative errors to be larger

for weak forces.
Deterministic errors
Deterministic errors in inverse force determination incl{iti22]:
1. neglected degreasd freedom in the FREatrix, e. grotational motion,
2. nonlinearbehaviour of theeceiver structure,
3. sensor mass loading,
4. excitation misalignment duringRF measurements,

5. Inconsistenciebetween elements of tHeERF matrix,due to changing conditisrduring

multi-run measurements

In comparison, random errors are easier to deal with than the deterministic errors and

there are very few publications thidgalwith the effect of deterministic errer

In order to achieve reliability in results obtained from inverse force determination, Fabunmi
[125] has suggested that the number of structural modes that contributes to the response at a
certain frequency must be equal to thember of unknown forces. Using a greater number of
response signals compared to the number of forces does not provide reliable force estimates.
This is one of the examples of oxagtermination of the system. Although the conclusions from
Fabunmi were twed on work conducted with beams only, the recommendations can be applied

to a wide variety of structures.

Gajdatsy[122] estimated errors in the determined forces by using a simplified Finite Element
(FE) model of an aeroplane. In this case, the errors originated due to inconsistencies in the
FRFs. The conclusiowas thatevensmall systematic erremayresut in significant errors in

the estimated forces
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3.5.3 Over-determination and regularization methods
In order to reduce the errors observed during the inversion of the matrix, a several mathematical
methods exist and can be employed. The most important nsetredovedetermination,

singular value rejection, and regularization techniq@ag

Thite and Thompson, conducted a systematic investigation to investigate the use of inverse
methods for the quantification of sttureborne transmission patlfi®2]. The most important

conclusion from Thite and Thompson and othérs 126, 127]nclude:

1. In terms of where the modal overlap was larger, -al&termination caused the reduction of
condition numbers, wbh improved considerably the force estimates at higher frequencies.
Overdetermination was not effective however, where the frequencies were lower. An
increase in the ovatetermination although reducing the occurrences of high condition

numbers, did nagignificantly reduce minimum conditions numbers.

2. Use of the singular value rejection technique has been shown to be a promising tool to reduce

amplifications of errors.

3. The effect of error estimates in FRFs and operational responses on the thresigéd crit
found thatneither method can be applied universally, ihoemains a challenge to select a

threshold suitable for the Singular Value Rejection (SVR).

4. Two methods, the Tikhonov (using ordinary creafidation regularization) and iterative
inversionwere investigated for the selection of regularization parameter. In comparison to
overdetermination and SVR, both methods performed well in terms of producing better
results. Howeverboth methods require higher concentrations during modelling due to the
complexities and both require longer computational times. Further studies by Choi et al., on

the Tikhonov regularization parameter can be four{d28, 129]
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5. The noise level in the FRFs was found to affect the condition numbers. It was found that
when higher levels of noise caused a reduction in condition numbers at lower frequencies,
but caused amcrease in condition numbers at higher frequencies. At lower frequencies it is
often the case that the modal densities are very low. The performance of the system was
worse when the noise levels in the FRFs were low and produced larger condition numbers

which, in turn, produced a higher level of noise in the respd28égs

In the context of alwmotive engineering, the determination of the inverse force was also studied
by Gajdatsy[122]. He found that using a simple engineering judgement and experience, the
SVR can generally be applied with a relative threshold of 1% of the largest rejectiorHalue.

also found that an oweltetermination factor of 2 is generally recommended.

3.5.4 Optimization of response measurement locations

A further reduction in the errors that are produced during the matrix inversions is possible by
careful selection of the measurement points used to obtain the response. It should be noted that
two parameters are generally affectedhen accelerometers are placed in position; 1)

measurement noise in the response signal 2) condition number of the FRH138{rix

Therefore, it is recommended that accelerometers should not be placed near a nodal line as that
causes the outj signal to drop at the resonance frequencies which reduces the signal to noise
ratio [122]. In terms ofthe bending wavelength of the structure, if the location of the two
response points (two accelerometéssiery close, identical FRFs are obtained. If these FRFs

are used in the inversion process, it creates two linearly dependent rows in the FR#ngtirix

results in a higher condition numbg22]. Therefore, a potentially effective method is to
optimizethe location of the sensor in order to obtain meaningful information to solve problems
associated with the inversion methods. However, to locate these optimal positions where the
response can be measured is a significant challenge. In this regardggn@hiteompsorj126,

128] have reviewed various methods which can be used to optimize the locations to measure
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the response. These includee thuyan reduction approach, methods of maximum/average
modal kinetic energy or average driving point residue, the effective independence method and
GramSchmidt orthogonalization. They also considered a sensor placement criterion proposed

by Blau in ordeto determine the inverse forcehite and Thompson also suggest a procedure

to find the best combination of response positions whichisttased t he fAcomposi t e
number 0. Anaherhneethod to calculate the best possible combination of response
positions was proposed by Zheng et al ., base

matrix [131].

3.6 Summary
This chapter has explained source activity aocelerancas twobasic source parameters. It
has demonstrated that the blocked force methods may be used to measure source activity if the
source is independent of any sort of constraints imposed by the red¢oreover,source,

receiver and interfadarief disassed.

Onre of the drawbacks of using the blocked force method has been identified as the requirement
of additional measurements to characterize the machine, using the frequency response function.
In addition there are the solutions required forgthsed inverserpblems. Moreover, further
investigations on the application of the blocked force method are required to investigate its

potential adaptation for use with condition monitoring

For condition monitoring, it has also been noted that most commonly uséddsetre
applicable only in the frequency domain, which potentially conceals some features of the time
domain signals which could be useful for the fault detection. It is worth noting that the blocked
force represents a property which is associated wehtbs our ce r egi on onl vy

depend on those boundary conditions which are outside the source region. This establishes a
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platform for this thesis in which the blocked force method will be tested to determine its

applicability to condition monitoringnd its advantages and disadvantages will be investigated.

The blocked force signal will be used in this research as an alternative to housing acceleration.
Thus, the following chapter presents the test rig, which will be used to obtain the blocked forc

signal using the inverse process

Chapter 4

Experimental test rig

This chapter describes the test rig used for the experimental investigation and the data
acquisition system. It also presents the accelerometers and accelerometer mounting
techniques. The experimental procedure and steps used to collect and analyse the vibration

signals from the gearbox, for healthy and faulty gear conditions are described.
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4.1 Introduction

Vibrations originate from many and various sources on anyingtatachine. Components

such as shafts, generator, gears and bearings generate different vibrations and noise. Aspects
of the new approach, the blocked force, introduced in Chapter 3 will be tested further in Chapter

5 using test rigdescribedin this Chater. However, the test rig will be used for both

conventional acceleration and inverse measurements.

Before starting any measurement, the testva@g divided into source (the active part) and
receiver (the passive part). The blocked force will be defatdtie interface between them.

Once the source, receiver and interface are known, the two stages of measurement begin.
The test rig will be used in this research for sets of two measurements:

1) Inverse (blocked force) measurements: these will be conduosdg several
accelerometers mounted on the hougingn the interfaceasdescribedn chapter 5To
obtain the blocked force signals, the measurements are divided into two sets;
A) Accelerance measurement: for this test, a hammer is used to excite edcht poe
interface or on the housing in order to measure the accelerance presented in the

previous chapteHowever, each FRF was calculated from averages 3 excgation
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It should be noted that, in theom/shaker couldlsobe usedo measure the accedece
as well asa hammer but in practice is impossible to usbecause of the mountirig

difficult.

B) Acceleration measurement: in these tests, the measurements are divided into two stages;
i. Simulated acceleration where the hammer is used toeesicé remote point (this point
is used as reference point to validate the obtained blocked force) and responses are
recorded, and
ii. Actual acceleration generated by the motor. These acceleration measurements are the

same as those used in conventional CMthetdata will be processed differently.

Calculationof the blocked force is always carried out in the frequency domain, which means
the measured acceleration will be transformed into the frequency domain. Once the blocked
force signal has been calculatat validated, it is then transformed back into the time domain.
Subsequently, signal processing will be used to investigate whether the results could be useful

for fault detection.

2) The acceleration measurements: these will be conducted using the samig fer
measuring thecceleratiorso one of the accelerometers mounted on the housing will be
consideredas accelerometer which has been used to collect the vibration signals for the
healthy and faulty condition of the gear to illustrate more traditiomethods for fault

detection and identification as described in chapter 6

The flow chart, Figure (4.1), shows the process of the experimental tests for both acceleration

and blocked force measurements.
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Figure 4-1 Scheme flowchartfor the two different measurements: the left column shows the conventional
route to CM using acceleration signal and the right column corresponds to the blocked force process. The
same signal processing is applied to both signals

4.2 Test rig experiments

The test rig chosen for this research is not only because it is widely used in industry, but also
because it allows faults to be easily simulated and numerous CM techniques to be extensively
applied and evaluated.

Figure (4.2) and (&) are an illustrative photograph of the realistic test rig and gearbox

components used in this study. To begin with, experimental data was collected using the test
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rig. Tests werearried out for different shaft speeatsing ahealthypair of spur gearandone

suffering from two levels of tooth breakage on the pinfautt 1- 25% tooth removed, fault 2

-85% tooth removed. The A% tooth removal o re
single tooth. A schematic of the gear with 25% and 85% toethoved is shown in
Figure(4.4).However, two different speetgere chosen at randadouit fairly representative of

gearbox speed in typical vibratiohhere are three sample frequencies2%Hz, 25.6 kHz,

and 12.8 kHz, sohe maximum sample rate in tkeftware has been used in this thefis

flexibility .

Figure 4-2 Photo of test rig
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Figure 4-4 Faulty gear condition, thered colour indicates the healthy tooth (zero tooth removed)ellow
indicates the first fault (25% of tooth removed),orangeindicates the second fault (85% of tooth removed)

4.3 Test rig comporents

In this section, test rig components for btektsare presenteds following:
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4.3.1 Spur Gears and Bearings
The spur gear, described in Chapter Two and used in the tests is detailed in Table (4.1) and
shown in Figuré¢4.5). Supportingbearing used in teiresearckRS Deep Groove Ball Bearing

6190121 RS 60G2RS, 12mm x 28mm x 8mm).

Figure 4-5 Spur gear used in this project

Table 4-1 test rig specificationsof the gear

Parameters Value
Type of test gears Spur
Material of gear Steel
No. of teeth, pinion 30
No. of teeth, gear 30
Bore Diameter 12mm
Pitch Diameter pinion 60mm
Pitch Diameter gear 60mm
Hub Diameter 50mm
Face width 20mm
Type of faultin gear (Removal teeth % 25 and 85 %
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4.3.2 Gearbox Housing

Figure (46) shows two different coverssedin this researchgne of aluminium andnotherof

steel. As mentioned in Chapter 3, one of the main potential advantages of blocked force method
is thatthe effect of thénousingcan beremoved from the signaind the blocked force should

be the same

= >~ 200mm
\;
10mm , I
Aluminium cover = 220mm ¢ \

1.5mm \

Steel cover

Figure 4-6 Two gearbox covers (one aluminium of thickness 10 mm, the other steel of thickness 1.5 mm)

4.3.3 Shatts
The drive shaft has a pinion or gear attached to it, and is the means by which power and motion
are transferred. By virtue of their function, shafts act as the axes of rotation of the gears. Two

shafts were used in this case study; input and output.
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4.3.4 Motor and Controller

Figure (4.7 shows the driv®C motor used to operate the system to provide operational data
(with speed®-3000 rpm) It is very important for making comparative measurements to ensure
that the speed is exactly repeatable, hence thd foe a controller. Figure (4)8shows the

controller which is used to adjust and operate the motor at the required speeds.

Figure 4-7 DC Motor (Schneider Electric 0.4 kW Servo Motor, 220V, 1.27nm, 3000 rpm
BCH0801012A1C)

4Aa

P48

Figure 4-8 Controller (Schneider Electric 0.4 kW Encoder Feedback Servo Drive, 2.6 A, 220 V, 0 +55 °C,
LXM23DU04M3X)
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4.3.5 Impact Hammer

The hammer used to measure thegaency Response Functi@fRF) physicallyexcites each
excitation pointwhere each accelerometer has been mounted on chosen visible intanface)
the housing with an impact of known frequency content and, here, with sensitivity 10.41 mV/N
and frequency range 5000 Hdammers sut as this are standard items of equipment in the
field of structural dynamics testing, however, it is not widely known in CM. It serves the
purpose of providing artificial or simulated excitation of the machine in a controlled way,
which can be helpful ithe preliminary test phase, as described |dtee. impact tip material

used in this thesiBlastic.However, he number of impacts is 3 times.

Figure 4-9Artificial hammer, types 8206-001

4.3.6 Accelerometers

Accelerometers are electromechanical devices, widely used in research and industry to measure
the movement of mechanical surfaces and provide an electrical output (voltage) which is
directly proportional to the acceleration of the surface. Piezoelectriccamcwdters, the most
commonly used accelerometers today are inertial devices and comprise two main elements; a
seismic mass which generates the inertial force and a wafer thin piezoelectric crystal on which
the force acts and which produces an electricaitgej132].

Piezoelectric accelerometers are robasturate andensitive as well as being light, small and
relatively easy to mount on the vibrating surfgtd3]. For frequencies in the range afew

Hz to about 20 kHz, piezoelectric accelerometers are probably the most suitable of all
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accelerometer 32]. Accelerometersireusedfor both measurementgth asensitivityof 10

mV/g. Vibration range is up to 6 kHz; bandwidth from 0.3 Hz to 6 kHz

Figure 4-10Photo of piezoelectric accelerometer

Acceleromete mounting techniques

It is necessary for any accelerometer to be mounted corféttlfhereare recommended
mounting techniques, such as thoseéBia ISO 53481998 Mechanical vibration and shock
Mechanical mounting of accelerometefr attaching accelerometers to accurately measure
the vibration of surfaces. For an accurate measure of the acceleratiaocébeometer must

be mounted so there is close mechanical contact between the accelerométersamtace
whose acceleration is to be measu®dd (loose) mountingan adverselyaffect vibration

measurements by seriousgduéng the usablefrequency range

4.3.7 NetdB data acquisition unit

NetdB is a commercially available -thannel acquisition frorgnd from 01dB-Metravib
dedicated twibro-acousticapplications (signal recording, frequency analysis, acoustic power,
modal analysis, sound quality, and acastimaging), see Figure (41 NetdB is Ethernet
technology based, allowing synchronization between a computer and several NetdB systems.
The data synchronization process enables data from several sources to be recorded

simultaneously in real time withbany losssynchroniation
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o Sample rate is 51.2 kHz,
o Data resolution: 0.39625
o Dynamic range dB (24 bits)

o FFT window (327%

Figure 4-11 NetdB data acquisition devicgData resolution: 0.39625. Dynamicange dB (24 bits))

4.4 Processing and Analysing Software

After the measured signal from the accelerometer is received, the accuracy of the fault detection
and diagnosis will depend on the software used to procedatel he NetdBcquisition card

used inthis research has 12 channels on which to record and save the measured data. MatLab
software was used to analyse this data. The results obtained using these codes can be seen in

Chapters 5, 6 and 7.

4.5 Experimental procedure

The NetdB is designed to interfaany test rig to a computer in order to measure, monitor

and record variables such as acceleration.
1 The NetdB, accelerometers, and cables were correctly connected together and checked.
1 The mounting locations for the transducers were cleaned of dusgildand paint and

the accelerometers were glued using appropriate super glue (Everbuild Stick2 industrial
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superglue GP). The interfaces were chosen random where it is possible to connection
between receiver and source. Care was taken to avoid unngoaesaing of cables

to avoid introducing unnecessary electromagnetic noise and minimise power supply
frequency pickup.

The positions of accelerometers have been chosen at random (in CM they can be
mounted on the cap of the bearing or on the holisingur case study, we choose to
mount them on the housifigstly for ease of mountingnd remowl, secondly, for easy
excitation and thirdly to provide illustratiasf removingthe effect of thérousing.

The mesh frequencies for both speeds are at 275 andz&&spectivelyTherefore,

the signal above 1000 Hz will be filteradsinglow pass filter for both measurements
(conventional andlocked forcemeasuremenin frequency domainto be consistent

after which the filtered signalill be transformed intdime domain and then subjected

to signal processing techniques.

For inverse measurement to obtain the blocked force, thestage measurement
procedure was conducted as mentioned in a previous chapter. The asseinidgd

into source, receiver andtarface, see sectio(8.2.2). Measurement of FRFs and
operational acceleration has been introduced above, and examples are given in the
following chapter to illustrate the location of sensors and thelslefahe measurement
procedure.

For acceleratiomeasuremenas mentioned abovee accelerometdras been chosen

and usedor analysis afterwhich it hasbeen transformed and filtered. After that the
filtered signal has been transformed to time domainsabgeceédto signal processing
techniques todentify the condition of the machinas described in Chapter 6.

Housing covers of two different materials were used to provide two different sets of

test data which could be used to vatml the obtained blocked force. Thtained
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blocked force signalor two housings Wl be filtered using low pass filter in frequency
domain and then transformed to time domahier that some signal processing
techniques will be applied, as described in chapter 7.

1 The computer saved the measured data for the accetesaitl blocked force tests and

then used MATLAB for analysis.

4.6 Summary procedure

A standard test procedure was developed to ensure good measurement practice. Each
accelerometer was clearly labelled by colour coding to help ensure it was always used in the
same orientation. Data was collected from all transducers for all tests, whether the data was of
immediate interest or not, as this did not alter the acquisition time.

Measurements were often taken on separate days to ensure confidence in the rgpeatabilit
data collected. The first file in any data acquisition period was analysed, using the Matlab
software, before further data was collected to ensure that sensible data had been recorded.
The test rig, described above, will be used for the blocked foeasurement as described in

the next chapter. Chapter 6 will describe the use of signal processing techniques for fault
detection. In Chapter 7 the same signal processing techniques will be applied for fault detection

using the obtained blocked force sifma

Chapter 5

Preliminary measurements of blocked forces

This chapter is focused on the preliminary measurement of the blocked force. In order to refine

the blocked force technique and its application, several experiments have been carried out
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using a oupled beam system and the test rig. Later in the thesis, the test rig will be used to

acquire the blocked forces arising from a gear fault.

5.1 Introduction

As mentioned in the chapter three, the measurement of blocked ferpeses a twestage
measurement procedure; the accelerance and acceleration measurdinentsst rig,
presented in the previous chapter, is here used to illustrate the blocked force technique.
Refining the technique began with a simple test using baaictste before moving on to the
gearbox test rig itself.

The benefit of the inverse method is that it allows one to avoid directly measuring the desired
guantity, which in our case is the force, by measuring instead a more accessible quantity

(acceleratiopfrom which the desired quantity can be deri{E84].
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However, despite the strong research record and many publications on the topic, inverse force
determination remains a topic for experts. Obtaining the acoekeranatrices requires
technical expertise in the measurement of accelerance, and handling the subsequent data
processing requires judgement on how to set parameters fordeteemination and
regularizatior{110].

The internal forces are usually difficult to measure or model so, typically, equivalent
operational interface forces are used instead. Irt prastical situations it is extremely difficult

to mount force transducers at the connection interface for a direct determination of the blocked
force [84]. Elliott and Moorhouse have demonstrafed, 96] that the acceleration at the
interface and the accelerance of the combgwmenicereceiver structure can be used to calculate

the blocked force. Both acceleration and accelerance can be obtained from the measurements

made.

It is likely that accelerometers can be placed close to the connection between source and
receiver. Howewve the acceleranceneasurement is likely to be difficult. To overcome this
difficulty and to obtain more accurate results, the principle of reciprocity is applied to enable
the use of remote measurement positi®3. The experimental validation using two parallel
beams coupled at two points is presentdd @] and thetechnique developed is used here.
Previous studies have used the blocked force as tool for prediction purposes whilst in this work
we will investigate its use for condition monitoring using the test rig described in the previous
chapter.

In the followingsections, preliminary measurements of blocked forces are made on a simple
beam structure. Following this a more complex assembly is considered; the gearbox test rig,

shown in Figure4.2).
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5.2 Blocked Force Experiments using beams
Before taking blocked force @asurements on the test rig, it was necessary to refine the

techniques on a simpler, more controlled system.

In practice, multiple contacts will be used to support a real vibration source. Figure (5.1) shows
the experimental beam coupling setup for tieist. The source and receiver were coupled
rigidly at two points through two A | feet. The source and receiver were coupled rigidly by

screws forcing the structures to coupleglane.

Figure 5-1 Schematic of two beams coupled at two points: it shows illustration of source beam (witivo
feet footings) coupled to a receiver beam rigidly, 1 and 2 indicate interfaces, Four accelerometers are
mounted underneath the upper beam and one accelerometer gamote point (reference point)on lower
beam

Using the beam structure shown in the figure above, the remote measurement of blocked forces
was investigated. It was shown by Ellif01], that the blockeddrce, measured isitu using

the special case of equation (3.28ould be used to predict the behavior of the source whilst
installed in a different environmef(tiousing) It was further shown that the more degrees

freedom included in the characterieat the better prediction was obtairf@@1].

5.3 Measurement setup
The upper beam was considered aarcewhile the lower one was considered to be the

receiver Accelerometers were mounted undethe# upper beam and a force hammer used
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to excite above each point in tunt he fAexcited pointso were

accelerometers)n-plane accelerance was not measured and therefore not accounted for.

A reference accelerometer mounted on tveekr beam was used for blocked force validation
by comparing the measured and predicted acceleration (composed using the acquired blocked
forces). The following sections illustrate the measurement of accelerance and acceleration

based on the beam experirhen

5.3.1 Accelerance measurement

Shown in Figure (&) is an illustration of accelerance matrix measurements. Here, four
positions were chosen to describe the sowveceiver interface, these positions were
immediately above the accelerometeksforce hammer as used to excite each point e

upper source beam (each point of these positions), and resultant accelerances were arranged

into the matrix,

T (5-1)

where4x4 arethe number of forceandresporses.(!  Representa transfer function
between the impact force at polt and response abint® .! a transfer function

between the impact force at polt and response at poidat 2, and so onin Eq. (5.1).
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Two interfaces c¢

Receiver ~
-y J/

Figure 5-2 Schematic of an ideal source and receiver system to illustrate the measurement of the
accelerance ot coupled system. The aange arrows are the applied forceghammer blows and the blue
arrows are the responsepoints for FRF measurement

It is worth to mention thathe coherences for all measurements were checked while
measurements were conducted but not reported in this thésigever, the checked of

accelerance using the reciprocity check has begorted in this thesis.

532 60 Accel erationdé measur ement

Figure (53) is an illustration of the measurement of theceleratio The hammer is used to
simulate internal forces and that is why they are not toperationalaccelerations. An
excitation was agjgd at one point on the upper source beam and response measurements made
using the interface and remote reference acceleronieteracceleration, denotedf), is

arranged into a vector as shown in Eq. (5.2).

+

(5-2)

E:&:E: &Ex
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Ref. point

Receiver

Figure 5-3 Schematic of source and receiveassemblyisl | ust rating the measur ement
a coupledbeamat each point The orange arrow is the applied force and the bluarrows are the
responsep o i nt acceleration®6 measur ement

Referring again to Figure (. it can be seen that the pointdhere the accelerations are
measured correspond to those included in the accelerance matrix, as in FRyuiighgonly

required measurements at the contact points are the acceleration responses (linear and angular)
to a remote exciting force (linear lgh If additional measurements are included, i.e. more
remote points than the product of the number of contact points and degrees of freedom, the
problem can be overdetermin¢t0l, 110] The combination of these two measurements

(accelerance and O6accelerationd) cacluldtedws f or

5.3.3 Pre-processing data check

In the previais section, the procedure of inverse measurement was explained. In this section,
the importance of carrying out preliminary checks to obtain the correct data, amplitude and
phase of the accelerance is described. Reciprocity, which was presented in(S&tisone

of several ways of checking the data and it plays an important role welst¢bkerancenatrix.

The measured interface accelerance matrix should be reciprocal, i.e. the matrix should be
complex symmetricHowever, if it is not reciprocal, @dan lead to problems in determining the

blocked force. Thus, it is very important to check the data before attempting the inverse
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procedures and one way to do that is by comparing reciprocal values. For that, various

experiments have to be done in ordenteasure and check the data.

Figures (54) and (5.5show examples of reciprocity of accelerances. All show good agreement
across the entire frequency ran@¢her reciprocities show similar levels of agreementliah
though these reciprocity cheaize confidencean the results they do not guarantee the quality

of the measurements because these are random examples from the full set of reciprocal curves.

Figure 5-4 Reciprocity of the two acceleancesA  , A j
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