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Abstract

In highly automated modern process and manufacturing industries predictive
maintenance has become the prime method of avoiding costly unscheduled stoppages
due to machine breakdown. A successful predictive maintenance strategy is based on
the condition monitoring of equipment through the selection, measurement, and
trending of critical machine parameters. Monitoring these parameters allows detection
of the gradual deterioration of key components without physical examination. This
ensures that only necessary repairs and replacements are conducted. Maintenance
resources are optimally employed, downtime of equipment is reduced and maximum
economic use is gained from components with a certain wear lifetime.

The key components in many rotating machines, from large turbines to small scale
machine tools, are the rolling element bearings that support shafts and spindles. As a
bearing begins to fail the frequency at which its rotation excites its supporting structure
changes. The machine vibration caused by this excitation is currently the main
parameter used to monitor bearing condition. An investigation of the conventional
techniques for vibration based bearing monitoring using analogue electromechanical
sensors showed that despite good performance in ideal conditions there were many
common circumstances where the vibration at the machine surface might not reflect
the state of a machine’s bearings accurately. The vibration signal from a bearing
commonly suffers attenuation in transmission through the machine structure to the
machine casing. As the bearing may be only one of several vibration sources, adequate
diagnosis of an individual fault can be difficult, particularly in the early stages of
bearing failure. The most commonly used vibration sensor, the accelerometer, has a
limited ability to measure the low level, low frequency vibrations from bearings in
machines operating at low rpm.

Proximity measurement of shaft relative displacement has been suggested to overcome
the problems inherent in monitoring bearing condition via transmitted vibration.
Previous attempts to use this technique were limited by the lack of a sensor capable of
measuring the extremely small clearances between a shaft and its supporting bearing.
It was suggested that the principle of a new sensor concept, the Incremental Motion
Encoder, offered the ability to sense the mechanical motion of a shaft due to defects in
its supporting bearings.

The hardware and software of a novel bearing condition monitoring system were
successfully developed around a prototype Incremental Motion Encoder sensor.

Signal processing algorithms were developed which enabled the experimental system
to detect a variety of induced bearing defect conditions. The system was able to
identify individual defects on bearing elements and pre-defect bearing conditions of
lubricant contamination and corrosion. The principal claim to novelty made is the
method by which an IME signal is interpreted to yield an accurate indication of bearing
condition. The successful application of the IME principle to rolling element bearing
condition monitoring represents the first completely new technique for a decade in this area.

On the basis of the results of experimentation with this system a completely new
method of monitoring bearings is proposed in which an Incremental Motion Encoder
sensor is integrated with the bearing as a single unit.
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Introduction



1. Introduction

This chapter introduces the work conducted in this PhD research project. The sensor
concept of the Incremental Motion Encoder is described from its basis in previous work.
From this point, the research objectives set at the start of the project are outlined. The third

section summarises the principal findings made as a result of this project.

1.1 Previous work

Work conducted by Orton into the instrumentation and control of precision grinding
machines had involved the use of optical shaft encoders for the precision measurement of
angular velocity during the grinding process [1]. The study focused on an existing grinding
machine that used open loop manual control. The development of a comprehensive control
system for this machine depended on the measurement of several critical process variables.
Orton concluded that a single precision digital sensor could be developed from the standard
optical incremental shaft encoder. This, it was suggested, would partially rationalise the
instrumentation requirements of the grinding process. It was predicted that the sensor
would be able to measure angular position, angular velocity, angular vibration and shaft

centre position in two dimensions.

The proposed sensor was christened the Incremental Motion Encoder (IME). An outline
description of the IME was contained in an appendix to Ortons work [1]. The appendix
described the device’s principle of operation and contained a schematic illustration,
reproduced in figure 1. The appendix also contained the derivation of the mathematical

formula required to calculate shaft displacement from the geometrical relationship of two



opposed encoder readheads. The actual physical design of the sensor and its signal

processing requirements were identified as directions for future research work.

Incremental encoder
with single read head
for the measurement of
angular position

Additional read head
enables estimation
of small horizontal
displacements of

the shaft centre

Three or four read
heads enable small
two dimensional

- PO displacements of
the shaft centre
to be estimated

Figure I. Original IME schematics [1].



Based on the parameters that the IME was expected to be able to measure three possible

applications were suggested:

1. Measurement of shaft motion and loading relative to automatically controlled
hydrostatic oil or magnetic bearings.

2. Measurement of vibrations in the structure of a machine.

3. Gauging of cylindrical components.

After the completion of his initial research Orton went on to patent the idea of the IME [2].
The patent application consisted of the basic idea of the IME, as outlined in [1], with the
addition of an algorithm for the calculation of shaft displacement from three readheads and
a schematic design for a computer interface circuit for data collection. A reproduction of

this patent application is contained in appendix A.

The IME patent application formed the basis for an MSc project [3] undertaken by the
author in the six months prior to the start of the PhD research presented in this thesis. At
the start of the MSc project the basic requirements of an IME system were analysed. From
the results of this analysis a slightly modified version of the interface circuit described in the
patent application was built. A computer system and software were also developed to
allow partial testing of the IME principle. A prototype IME device was created from a
standard optical incremental shaft encoder. This had been modified by the manufacturer so
that it had two readheads in opposition. This device was not used to experimentally
monitor any external event or process. It was simply driven by a motor and the data
collected by the system analysed to see if the normal motion of the encoder disk could be

resolved. Technical problems with the implementation of the system meant that only a



small amount of data was collected. This data could be displayed graphically, but the
software written at this time was not sophisticated enough to allow any data analysis. At
the end of this project it was concluded from this data that the system was returning the

type of data related to shaft motion expected.

A limited literature survey was undertaken as part of the MSc project. This was aimed at
providing background knowledge of the IME3% proposed application area. Initially the
search was based on the idea, contained in the previous work of Orton, that the IME would
be a precision sensor for process measurement [1,2]. However examination of the
literature showed that the condition monitoring of rotating machines was the main field of
interest for shaft displacement measurement. In particular the work of Collacott [4]
describing the advantages of shaft proximity measurements over remote casing mounted
sensors was very influential on the approach that was followed in the succeeding PhD
project. Chapter 2 details this and its context in subsequent literature surveys. Based on
this initial research the conclusions of the MSc thesis placed the emphasis on the potential
application of the IME principle to condition monitoring. This set the direction for future
work.
1.2 Research objectives
The objectives for this PhD research project were decided partly by the state of the
previous work outlined above and partly by accounts of other condition monitoring
research projects found in the literature. At its start the project aim was stated as:

To develop a new type of shaft displacement transducer system based on an

incremental motion encoder. This system will require signal processing computer

hardware and software implementing novel signal processing algorithms. The



investigation will examine the ability of this system to measure sub-micron
displacement motion of a rotating shaft for the purpose of real-time condition
monitoring.  Other applications for this transducer technology will also be

investigated.

To achieve this aim a research plan was drawn up and followed during the course of the
project. The structure of this thesis generally follows the outline of that plan. Chapter 2 is
drawn from the literature survey conducted during the project and describes the condition
monitoring of rolling element bearings. The main problems encountered with current
techniques are discussed. Chapter 3 describes the prototype IME sensor and the
construction of the experimental condition monitoring system. Chapter 4 describes the
results of the initial experimentation undertaken with the sensor system. Chapter 5 explains
the model that was developed to interpret the IME signal based on this initial
experimentation. Chapter 5 also contains a description of the main experimental work done
to validate the new model. This involved the use of the sensor to detect various types of
bearing defect conditions. Chapter 6 contains the conclusions drawn at the end of this
work and outlines the areas envisaged for future work.

1.3 Principal research findings

A prototype incremental motion encoder was successfully constructed based on the design
of Orton with some modifications to the computer architecture [2]. This was used as the
basis of a novel experimental rolling element bearing condition monitoring system which
was designed and developed during this project. With this system it was possible to apply
the IME principle in a series of experiments designed to investigate the sensor¥ ability to

detect and measure different types of rolling element bearing condition. These experiments



proved that the novel, and previously untested, IME concept is valid and can be

successfully applied in this area.

The principal claim to novelty which will be made by this project is in the manner of
interpreting the IME signal to yield an accurate indication of the condition of a rolling
element bearing from measurements of shaft motion. This successful application of the
IME principle to the condition monitoring of rolling element bearings represents the first

completely new technique in this area for a decade.

A model has been developed to predict the response of the IME signal to defects on
individual bearing elements. This model has been initially confirmed by experimentation
which has shown the IME based system can clearly detect large, but still realistically sized,
defects on the inner and outer races of a bearing. A method of discriminating between the
impulses in the IME signal due to these defects and those due to other machine
components has been developed based on the angular separation of the impulses and their
relative position between successive rotations. This potentially gives the IME based system
the important attribute of being able to monitor individual bearings in a complex machine

with many sources of impulsive vibration.

The main conclusion drawn at the end of the project is that there is a great potential for a
new generation of bearings incorporating the IME principle. These could use the
existing technology available for speed sensing bearings which have an internal
encoder. Such bearings could monitor machine parameters such as angular velocity,

angular vibration, torque and shaft loading together with their own condition. A



number of conventional sensors and their respective data analysis systems could be
replaced with a single unit. This could be integrated into existing machine designs with
only minimal modifications for cabling. A bearing of this type could be used for
process control and monitoring during normal machine operation as well as for
detecting fault conditions. The term ‘smart bearing’ has been used by the author to
introduce this novel concept into the literature. Figure 2 shows an artist’s impression
of a smart bearing based on a drawing of an existing speed sensing bearing. As a
system component, a smart bearing would be a significant step forward in the direction
of the type of intelligent machine required for use in computer integrated

manufacturing systems [5].

Electromagnetic
Readhead

Multipolar
Magnetic
Ring

Electromagnetic
Rcadhead

Figure 2. An intelligent or "smart" bearing could be created by the
addition of a second readhead to a speed sensing bearing.



Chapter 2

Condition monitoring for rolling element bearings



2. Condition monitoring for rolling element bearings

This thesis introduces research contributing to the industrially important field of condition
monitoring. This chapter begins by explaining the reason for the increased emphasis on
effective maintenance in modern industry. The different strategies used for maintenance
management are briefly reviewed as an introduction to condition based maintenance, the
strategy increasingly being adopted for modern machinery. A summary of condition
monitoring methods for rotating machines focusing on rolling element bearings (REB) is
then presented. This is based upon the literature survey conducted throughout the project.
The survey aimed to cover current commercial and experimental methods based upon
vibration analysis. These techniques and the methodologies employed are directly relevant
to the IME. No attempt has made to comprehensively cover all available condition

monitoring methods. Other possible techniques have only been examined for comparison.

2.1 The increasing importance of maintenance in modern industry

Over the past four decades the general industrial scene has been transformed by sustained
economic pressure and rapid technological change. In the process and manufacturing
industries the result has been a large increase in the size of production units in which the
continuous process has largely replaced the batch process. Many of these units are now
integrated to form large process plant complexes with minimal, if any, standby capacity.
These units are highly inter-dependent. As operating cycles have become faster and more
demanding, complex control and management systems have been introduced to replace

manually controlled operations.

10



To meet the objectives of maximum output combined with minimum production and
maintenance costs, plant stoppages must be avoided and their disruptive impact minimised.
Maintenance has become an essential requirement to get optimum usage from today}
increasingly complex industrial machinery. The high capital cost of the sophisticated
machine tools in the computer integrated manufacturing (CIM) systems in modern
automated factories requires them to be operated at peak efficiency to generate maximum
return. Effective maintenance is essential to guarantee the high reliability that successfi.il
operation of a CIM system requires. Machine condition is also directly related to

production quality.

Within industry, maintenance management has sought to devise new strategies and use new
techniques to avoid unscheduled plant stoppages and gain maximum service with absolute
safety. Three generally applied approaches to maintenance management have evolved with

the changes in industrial conditions [6]. The following sections summarise each in turn.

2.1.1 Breakdown maintenance

Breakdown maintenance is the oldest approach to maintenance management. Using this
strategy machines are simply run until they fail or their performance degrades to the point
where parts must be scrapped. Failure is random and unexpected. It can be catastrophic at
worst and untimely at best. If production is not to be seriously delayed a full inventory of
replacement parts must be carried which ties up capital. Personnel must also be constantly
ready to effect timely repairs. In modern industry this type of maintenance is restricted to

non-critical or easily repaired machinery whose failure will not affect production [7].

11



Where machinery is critical to production, or technically complex, maintenance prior to any

breakdown or reduction in product quality is required.

2.1.2 Preventative maintenance

Preventative, or scheduled, maintenance aims to shut down critical machines after specified
periods of operation based on statistical mean-time-to-failure data. The machine is
partially or completely disassembled for inspection and worn parts, if any, are replaced.
This method has several disadvantages. Dismantling a critical machine is time-consuming,
expensive and may well be unnecessary. A healthy machine may also be degraded by

incorrect reassembly leading to an increased likelihood of failure.

The life of an industrial machine can be summarised by the classic bath-tub’curve shown in
figure 3 [6]. During an initial run-in period, when new and after repair, the potential for
failure is high. The machine then goes into a period of continuous stable operation with a
reduced risk of failure. As the machine$ components begin to wear, the risk of failure
increases and the machine goes into the third and final phase of wear out. A preventative
maintenance strategy increases the number of run-in phases and thus the overall potential

for machine failure is increased.

Correctly estimating the period of stable machine operation is difficult. This is especially
true for REB. Bearing service life is calculated from load analysis of the bearing materials
and models describing the kinetics in the bearing [8]. A review by Tallian of eleven
published bearing life models shows the development of these models is a large area of

research in itself [9,10]. An ISO standard has been defined which provides the baseline for

12



current work in this field [11]. In all cases however the models only allow a calculation of
bearing life in ideal operating conditions. Various commonly encountered operating factors
such as lubricant contamination, shaft misalignment or improper loading can cause bearing
life to be significantly shorter than an estimate derived from a model [8]. The same
problem is encountered with other machine components. The result is that unpredictable

machine failure cannot be entirely avoided by a preventative maintenance approach.

Run-in Stable Operation Wear out

Time >(Log Scale)

Figure 3. The machine life "bath tub" curve.

The difficulty in accurately estimating the start of machine failure due to wear means a
significant margin of error will be allowed in the scheduling of maintenance. As a result
components will not be allowed to reach the end of their lull useful operating lives before
being scrapped. This safety factor will obviously result in a significant unnecessary cost
equivalent to the remaining useful life of the scrapped component. For systems employing
preventative maintenance this cost is usually offset against the cost avoided in lost

production or safety terms of machine failure.

13



Despite its disadvantages preventative maintenance remains a widely accepted approach to
maintenance management. This is particularly true in those industries where safety is a
paramount requirement, such as airlines and nuclear power generation. In the airline
industry preventative maintenance has been developed into a sophisticated maintenance
strategy known as reliability centred maintenance (RCM). RCM relies on a rigorous logical
analysis of the maintenance needs of each aircraft system to determine servicing intervals
and maintenance tasks [12]. The application of RCM in this industry is helped by the fact
that aircraft designs feature systems that are clearly specified and standardised to operate in
a known manner. Production and process industries conversely almost always feature
unique designs to meet a wide range of output requirements. This has prevented a

widespread application of RCM in these areas.

2.1.3 Condition based maintenance
Nickerson and Hall, reviewing research in this area [13], define condition based

maintenance (CBM), also known as predictive maintenance (PM), as:

A maintenance philosophy in which equipment is maintained only when there

is objective evidence ofan impendingfailure in thatpiece o fequipment.

Using this approach machine condition is monitored, continuously or at intervals, using
some form of sensor(s). This condition monitoring (CM) allows early detection of
developing faults and is used to pinpoint where and when specific repairs are actually

required. Machine shutdowns can then be scheduled for convenient times, well before

14



damage becomes too severe. Repair times, and thus production losses, are minimised, as

are personnel and replacement part requirements.

Condition based maintenance is now applied widely in industries such as metalworking,
electricity generation, paper making, mining, and chemical processing. The wide range of
equipment types monitored include machine tools, turbines, electric motors, conveyor belt
drives, rolling mills, and gear drives. By eliminating catastrophic failures, reducing machine
damage and increasing machine availability, lost production is minimised. Production
quality is also maintained at a high level. This leads to increased revenues. Considering the
usually high costs of lost production, there is a very short payback for investment in the
right condition based maintenance system [14]. Hyde et al, report the results of a recent
extensive survey of CBM in the UK paper and food industries supported by the department
of trade and industry (DTI) [15]. This estimated that £150 million per annum of lost

production could be saved in these sectors by the wider application of CBM.

There are four basic areas of machine condition which are commonly monitored [5]:

1. Visual inspection - This may involve simple manual techniques such as the use of
horoscopes, or more complex automatic systems, using computer based vision technology
in a variety of spectra. Infra-red thermal imaging is frequently used to monitor the external

temperature of insulated tanks.

2. Performance assessment - This can involve can a variety of different techniques and

criteria against which an assessment of performance is based. Measuring the variations in,

15



and / or absolute values of, machinery output in terms of quantity and / or quality is one
technique area. Others involve measuring the system input / output relationship, or
simultaneously comparing output parameters with sets of standard operating conditions.

Faults in machine operation can be detected by monitoring the feedback signals to, for
example, a servo motor current controller, during machine operation and comparing the
signal to that obtained when the machine was known to be in a healthy state [16]. For
machine tools which contain rotating parts, shaft speed measurements made during drilling
and milling operations for process control have been shown to be useful for condition
monitoring [17,18]. The changes in speed and torque during cutting operations can be

used to detect abnormal conditions such as excessively worn or broken tools.

3. Wear debris analysis - This is essentially the examination of samples of lubricant from
some form of closed loop system for evidence of unusual or excessive wear. For rotating
machines this frequently involves the drawing off of lubricating oil from bearings or
gearboxes. A diagnosis is then made as to their condition based on the number, size, shape,
colour and constituent material of wear particles present [19,20]. The techniques used to
perform this analysis have been expensive to perform, difficult to automate and required the
expertise of trained laboratory personnel [6]. In recent years however computer
technology combined with new types of particle detector have permitted automation of

some forms of this technique [21,22].

4. Vibration monitoring - This is an area that is synonymous with the monitoring of rotating
machinery and is the most common method for monitoring REB. Machine condition is

diagnosed from the analysis of vibration signals from the machinery under test. The



techniques involved in the diagnosis lend themselves to automation via computer
technology. Section 2.2 discusses vibration based condition monitoring and the relevance

ofthe IME principle to this area in detail.

The areas outlined above are not mutually exclusive. The first stage in the implementation
of a successful condition based monitoring strategy is deciding which machine parameter(s)
to monitor. A detailed analytical study of the machinery has to be carried out which may
identify several possible fault conditions each of which may require a different detection
technique. Modern comprehensive condition monitoring systems do not simply rely on the
measurement of a single parameter. They allow diagnostics to be based on such variables
as temperature, noise, ferrography, infrared spectrum and surface roughness as well as
vibration [23]. This allows the integrated monitoring of such parameters as vibration, on-
line wear, stress and leak detection. Recent work by Bonga and Robichaud illustrates the
significant benefits of an integrated approach [24]. They describe an example where trends
in vibration failed to show the development of faults in a DC motor gearbox until wear was
advanced. The addition of oil analysis allowed earlier detection of faults. This added an
extra factor of confidence into the monitoring of the gearbox. The oil trends could be used

as a screening tool reducing the effort needed for the analysis of vibration data.

The emergence of the microprocessor based personal computer (PC) and microcontroller
have allowed the creation of low cost integrated CM systems. These are able to provide
plant wide monitoring and diagnostics based on many different parameters. An example of
such a system is Mpulse™, a modular, fully networked hardware and software condition

based maintenance data collection and analysis system produced by IRD Mechanalysis Inc.

17



It provides real-time untended acquisition of vibration data and other parameters from

machinery throughout a plant. Figure 4 illustrates the system configuration of Mpulse™.

Data is collected by a host PC from a layered set of hardware modules which provide data
acquisition and signal conditioning specific to the individual sensor type. These sensor
personality cards allow the system to be tailored to the monitoring requirements of
individual plant units. The connection of the host PC to a local area network allows

operator displays wherever they are needed.

data
collector Mpulse
workstation
v )4 Local area network
Bridge
[pmmmmmmem - Connectivity with
Coaxial cable (Ethernet) 1 other svstems

Surveillance

processors Single cable to each

sensor station

Sensor stations

To Sensors V V h /i

Sensor personality
cards

Figure 4. The system configuration of Mpulse™.

Recent studies have shown that the effectiveness of condition based maintenance depends
more on the programme that is established to apply the monitoring techniques than the

monitoring equipment itself [25]. At the heart of the Mpulse™ system is a database

18



management system running under MS-DOS which is used to store the data from the
network. Trend analysis continually updates the database for display and on-going analysis
by expert software. This provides the system with predictive functions, automatically
searching for machine problems using vibrational analysis and bearing problem expertise,

for example, to pinpoint upcoming maintenance requirements.

A number of studies have proven that the pattern recognition, classification and
generalisation ability of artificial neural networks (ANN) can be used for machine fault
diagnosis [26,27]. The experimental work by Liu et al. is an example which has shown
that ANN can detect bearing states and make diagnoses with a success rate between 97 -
100% [28,29,30]. Condition based maintenance systems are increasingly making use of
artificial intelligence and knowledge based techniques [31,32,33]. These techniques are
used to supplement, and may eventually replace, the highly trained human expert for

routine operation.

The overall aim of an integrated condition monitoring system, such as Mpulse™, within a
plant would be to allow the system to not only detect faults, but also to automatically order
replacement parts and schedule personnel to effect repairs at the best time for optimum
plant operation. A state of the art industrial application of such a system has been recently
been described by Doucet and Goddard [34]. The Iron ore company of Canada (IOC)
operates a large open cast mine in Newfoundland with a variety of heavy plant equipment.

Maintenance costs account for 40% of the mine’ budget at a time of increased competition
and falling output prices. The mine has embarked on a "total maintenance integration plan"

with the singular aim of increasing profitability. As is the case in most areas of industry,
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optimising maintenance management is seen as one of the key areas where savings can be
made. Real time vital signs monitoring (VSM) systems are installed on haulage trucks,
drills, shovels and the locomotives on the mine railway. Each VSM system uses a variety
of sensors to monitor variables, such as vibration, oil debris or clectric motor current,
specific to the equipment it is monitoring. All the VSM systems throughout the mine are
linked by radio transmitters to a central database which stores all digital, analogue and serial
data from the sensors. Interfaced to this database are a maintenance expert system (MES)
and a maintenance management system (MMS). The MES gathers uses from the database
to evaluate the condition of each piece of monitored equipment. The MES itself consists of
a number of constituent expert systems and trained neural networks. Each of these is
designed to interpret a different set of sensor signals. When a problem is detected the MES
can issue a work order via the MMS. The MMS schedules maintenance according to a rule
base which takes into account the equipment condition and effect on production. It tracks
the cost of materials and personnel, and compiles component histories. The whole system
is interfaced to a Novell based local area network and is TCP/IP compatible. This allows
unlimited access for technicians and managers across the mine site, and remotely, to the

database and the MMS.

2.2 Vibration based condition monitoring

The basis of any effective condition based maintenance strategy is the accurate monitoring
ofthe condition of the machines concerned. This requires identification of a parameter that
can be reliably measured by a sensor to reveal the condition of critical components and

signal developing faults. In many rotating machines the critical components are the rolling
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element bearings that support shafts and spindles. Machine vibration is the variable most

often used to monitor these components.

All rotating equipment vibrates and the basis of vibration based condition monitoring is that
the degree of vibration is a good indicator of equipment condition. Vibration monitoring is
commonly used because of its ability to give warnings for a wider variety of rotating
machinery faults than other detection techniques [35]. As well as bearing defects it can
reveal component imbalance, seal wear, misalignment, gear damage and bent shafts. Other
monitoring methods, if used in isolation, limit the variety of faults that can be detected.

This leads to the possibility of failure from a fault whose symptoms are not covered.

The vibration measured on the casing of a rotating machine results from irregular motions
of the machine’ shaft, whether due to imbalance, misalignment, worn bearings, or other
causes related to equipment being driven by the shaft. These irregular motions result in
forces being transmitted via the shafts bearings to the machine casing. It would be best to
measure these forces directly, but since this has been impossible in practice, the resultant
movement, the vibration, is measured. The mobility of the machine structure along the
transmission path of the vibration determines the level seen at the machine casing as

illustrated by figure 5.

A case study is quoted by Serridge to show the effect of mobility on vibration measurement
[35]. Vibration levels measured on 17 industrial ethylene compressors of similar power,
size and age, were found to vary by a factor of nearly 1000:1. This variation was due to

differences in mobility.
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Figure 5. The vibration level measured on the surface of a machine
depends on the condition and 011 the mobility of the machine [35].

Sensor placement on the machine casing is important to achieve maximum signal strength.
The raw vibration signal at a single point on a machine is usually insufficient monitoring
information on its own. Ideally a vibration should be measured at several carefully selected
points and in several directions so that the combined signals can be analysed into the basic

components of which make up the complex raw waveform.

The length of the transmission path is also a factor which determines the quality of the
vibration signal received by a surface mounted sensor. The further away from the vibration
source a sensor is mounted, the more the vibration signal will be attenuated. Joints
between the machine parts will further attenuate the signal. Figure 6 illustrates the signal
decay vs. transmission distance curve. There is sharp attenuation of the vibration signal at
eachjoint. Documentation from the Bentley Nevada Corporation, a leading CM equipment
company, reports that an interface such as an air gap or a water jacket can attenuate a

vibration signal by a factor of 10 (20dB) [36].
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Figure 6. The effect of distance on vibration signal strength showing the sharp
attenuation which occurs atjoints between machine parts [36].

Ideal conditions for REB monitoring have been defined by Ray as those where the sensor
can be mounted with a direct path between itself and the bearing, in the centre of the load
zone and with the nominally loaded, properly lubricated bearing rotating above a minimum
speed of 1000 rpm [37]. These conditions are not met in most complex machines,
particularly those with a high density of vibration sources. In these cases proper diagnosis

of individual components may be extremely difficult.

At its simplest vibration based condition monitoring relies on the fact that as machine
condition degrades vibration level generally increases. The increasing vibration is a result of
increasing tolerances in the machine due to wear [38]. Originally measurement of the
overall root mean square level of the vibration was the main parameter monitored, the value
measured being compared to recommended values for the equipment concerned [39]. This
was then generally replaced by the trending of the overall vibration whereby the vibration

level of the machine at installation was compared to that measured at subsequent times. An
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increase was taken to indicate a fault condition. Today almost all vibration monitoring is
based upon the principle that the different components in a machine contribute certain
specific frequency components to the overall vibration level [35,40]. These are examined in
the frequency spectrum of the overall vibration, sometimes filtered, and are trended

individually to give warning of developing faults in the relevant components.

Figure 7 shows a simple machine and its vibration frequency spectrum. The contributions
of each machine element to the overall vibration amplitude are concentrated at distinct
frequencies in the overall frequency spectrum. These frequencies can be calculated from
the design of the machine. The frequency range expected, from the lowest to the highest
useful part of the spectrum, determines which vibration sensor is selected to monitor the

machine vibration.
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Figure 7. Different elements of a rotating machine contribute to the
overall machine vibration spectrum at different frequencies [40].
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2.2.1 Vibration monitoring sensors and selection criteria

Selection of the sensor type, its location and direction of measurement are the most critical
factors in the successful use of vibration for monitoring of machinery condition [4]. If the
raw sensor signal does not contain the discrete frequency components that are
representative of a fault condition, no amount of signal processing or spectral analysis will

reveal that condition.

The three dynamic parameters by which vibration is measured are velocity, acceleration and
displacement. A different type of sensor is used for each parameter. The frequency at
which measurement is important is the factor which determines which parameter is chosen,
and thus which sensor type is used. A high signal-to-noise ratio is required to offset the
effect of electrical hoise’ or interference due to stray currents. Each type of measurement
records strong signals in different frequency ranges [4]. Table 1 below shows which
parameter is preferred for the frequency ranges over which vibration is commonly

monitored. This frequency response difference is illustrated graphically in figure 8.

Frequency range (Hz) ITDjfbel;eilfred vibration parameter
1-50 Displacement

50 - 1000 Velocity

1000 . 10,000 Acceleration

The dynamic range of each sensor type is also different. Figure 9 presents a comparison of

the dynamic ranges oftransducers commonly used in condition monitoring [35].
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Figure 8. Octave frequency spectra resulting from the measurement of displacement, velocity
and acceleration from the same rotating machine in the frequency range 0-1 kHz [4],
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Figure 9. A comparison of the dynamic ranges of the transducers
commonly used in vibration based condition monitoring [35].

2.2.1.1 Accelerometers

The casing mounted accelerometer is the current industry standard for implementing
vibration monitoring [24]. Most accelerometers used today utilise either piezoelectric,
piezoresistive or variable capacitance technology. All of these types are based on a similar
principle. A mass is supported on a material, a piezoelectric crystal for example, whose
electrical properties change with pressure. Vibration from the machine is passed to the
mass causing deformation of the material. This produces an electrical signal proportional to
the deforming force. Since F' - ma the output signal is a measure of the acceleration

amplitude of the vibration.
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There are many different accelerometer designs which use different piezoelectric materials.
As well as machinery monitoring, various types of accelerometers are used for automotive
crash studies, structural dynamics, aircraft flutter and whole body motion studies. The
application determines which type of accelerometer is chosen. The piezoresistive and
variable capacitance types offer the advantage of dc response. This makes them suitable for
the measurement of long duration pulses. For the industrial measurement of machine
vibration the compression and delta shear designs of piezoelectric accelerometer are widely
used [35,4]. Figure 10 illustrates three different accelerometer designs from the catalogue

of'the Endevco corporation, an accelerometer manufacturer.

Low-g accelerometer with General purpose industrial
integral amplifier accelerometer

High-g shock testing accelerometer
utilising silicon micromachined
sensing element

Figure 10. Different accelerometer designs.

Recent work on crash sensing accelerometers for use in air bag deployment systems has
produced an IC device to replace the electromechanical sensor outlined above [41,42,43].
This sensor is based on the relatively new technology of silicon surface micro-machining

[44]. The sensor measures the capacitive effect between two microengineered silicon
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torsion bars. The sensord output is a stream of pulses whose frequency is proportional to
the acceleration measured. The development of this mass produced low cost sensor IC
device has created the potential for machines with embedded accelerometers. This would
allow the facilities for vibration monitoring based predictive maintenance to be designed
into equipment. Chuey et al. have presented a design for an intelligent, embedded, bearing

vibration monitor based on a micromachined accelerometer [45].

The industrial environment presents many threats to good, consistent vibration
measurements. Some of these are illustrated in figure 11. When correctly used the

industrial accelerometer offers a degree of immunity to these factors.

Electro-
magnetic
Humidity fields
Temperature High sound
fluctuations levels
High and low _
temperatures
Radiation r = y Transverse
(x-rays,y-rays) vibrations

. Output related
Base bending r' S only to vibration

7S 7T

Machine vibration

Figure 11. Factors in the industrial environment which can
adversely affect accelerometer vibration measurements.

Generally for best results the sensor should be surface mounted at the point of

measurement as the frequency response of the accelerometer is greatly affected by the
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stiffness, K, between its base and the machine [35]. The minimum requirement for
repeatable readings is a smooth mounting surface to which the sensor is attached with a
strong magnet or adhesive. For machines which require regular frequent monitoring
permanent attachment of the sensor via a screw stud is the normal option. Mounting points
on bearing housings are usually selected as this is where the basic dynamic loads and forces
of the machine are applied and the bearings themselves are critical components. For a

complete vibration signature triaxial measurements need to be taken at each location.

Despite their widespread use in industry handheld vibration probes, such as that shown
on figure 12, often provide inconsistent vibration measurements. This is due to the
variable stiffness coupled with variable location and contact angle whenever

measurements are made, figure 13.

Variable
stiffness

Variable angle

Figure 12. Handheld vibration probe and meter. . .
g P Variable location

Figure 13. Vibration measurements made with a

handheld probe are inconsistent due to the variables
involved.
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Van Ek et al have presented research into the use and design of portable vibration data
collectors [46]. Whilst they are cheaper and more flexible than permanently mounted
sensors, there were a number of common problems with their application. Data collection
points are normally arranged along a set route followed on each inspection tour. It was
found that measurements could be missed out, taken at the wrong locations, or taken in the
wrong order. Knowing how many measurement points had been missed out was generally
difficult or impossible. These problems combined to produce unreliable data in many of the
maintenance programs surveyed. Van Ek ef al concluded these problems could be
countered by enhancing the functionality of the data collector with a graphical user interface

which would provide more guidance to maintenance personnel.

The output signal of a piezoelectric accelerometer is of low power and has to be amplified
before being processed. By building integration networks into the amplifier either velocity
or displacement, if desired, can be measured from the acceleration signal. It should be
understood however that accelerometers make a different type of measurement to the
proximity probes commonly used to measure displacement directly. An accelerometer
measures the bearing housing vibration at the machinery casing, whilst proximity probes

measure the relative vibration between shaft and bearing.

Since the accelerometer has the wider frequency and dynamic range, integration is often
used to produce velocity measurements outside the range of velocity sensors. Due to its
relatively flat frequency spectrum velocity is considered by some to be the best parameter

for evaluating bearing problems [35,47].
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Despite its superior performance over most of the frequency spectrum of interest for
condition monitoring, using the accelerometer to monitor the frequencies in the range
commonly produced by low speed machines is difficult. Low RPM combined with massive
structure means that little energy is transmitted to the machine casing. This results in low
levels of vibration [48]. The signal lengths required for analysis from a machine operating
at low RPM are typically several minutes in duration which makes them difficult to analyse.
The measurement of the low level, low frequency vibration from a low speed machine is
limited by the electromechanical efficiency of the piezoelectrical material used in the
accelerometer [49]. The noise level produced by the accelerometer and its preamplifier

overwhelm the low signal generated by the actual vibration.

Low RPM and massive machine structure are just two examples of the adverse conditions
in which REB often have to be monitored. Ultra high speeds, difficulty of access and
especially the presence of more powerful vibration sources are three other adverse
conditions commonly met. In these conditions the ability of current vibration monitoring
techniques drops dramatically [37]. The signal to noise ratio can become too low for

effective monitoring.

Above the frequency range of accelerometers, stress waves propagate through machine
structure at frequencies in excess of 100 kHz. These can provide a clearer indicator of
bearing defect formation in environments with a high level of low frequency vibrational
noise due to imbalance or structural resonance. These acoustic emissions are monitored by

piezoelectric contact probes whose output is proportional to the passage of the stress
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waves through the body of the sensor [50,51]. Less commonly ultrasonic microphones

may be used.

2.2.1.2 Velocity Sensors

Velocity sensors consist of a moving coil mounted inside a permanent magnet. The
inductive EMF produced is directly proportional to the velocity of the coil and thus to the
machine vibration. The output signal is relatively large and may be integrated to give a
measure of displacement. The useful frequency range is in the region of 10 - 1000 Hz and
is particularly influenced by the method used to mount the transducer to the machine. As
velocity sensors have moving parts they are susceptible to changes in calibration over time
making them less suitable for long term measurements. They can also be affected by high

temperatures or mechanical damage.

2.2.1.3 Displacement transducers

The displacement transducer produces a signal which is directly proportional, in this
context, to the displacement of a shaft relative to its mountings. The IME is a new type of
sensor for measuring displacement. Although there are existing sensors based on
capacitive, magnetic, and reluctance principles, the type most commonly found in use, the
proximity probe, is based on the eddy current principle [4]. A high frequency oscillator sets
up eddy currents in the shaft without actually contacting it. As the shaft moves relative to
the sensor the eddy current changes, modulating the output voltage. The use of this type of
sensor is generally restricted to fluid film bearings which have measurable clearances and
allow the rotor system to move around in the journal area [14]. For these machines

proximity displacement measurements provide the best vibration information. The damping
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effect of a fluid film bearing prevents a significant amount of vibration reaching the bearing

housing in many situations.

The displacement proximity sensor measures gap and nothing else. This is an important
fact to bear in mind when considering the discussion of the IME in the following chapters.

In phase work, such as shaft balancing, proximity probes can only define high spots, that is
the smallest gap or closest point the shaft comes to the sensor. To obtain an average gap a

DC bias or offset is superimposed on an AC analog of the shafts dynamic motion.

Displacements can be gauged with an error of 2 - 5 pm at speeds of up to 500 m/s [52].

Normally the probe is mounted on the machine housing and this is a source of inaccuracy as
for a still shaft the machine housing will be moved by the machine’ vibration. The sensor is
also susceptible to changes in the shaft finish resulting in differences in electrical

conductivity. The probe is unaffected by lubricating fluids.

Figure 14 shows how the axial and rotary movement of a rotor assembly can be monitored
by displacement measuring transducers fixed to suitable surfaces. Typically two probes are
set at right angles to each other to provide signals from which an X-Y plot of shaft orbital
motion can be obtained. A plot of the orbit traced out by a point on the outside of a shaft

for which the centre varies in a two-dimensional periodic manner is shown in figure 15.

34



Radial Radial
movements movements

Axial
movements

- Remote meters
- Alarm signals
- Trip signals

L Data loggers

Processing unit

Figure 14. Proximity displacement monitoring system applied to a rotor.
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Figure 15. Shaft orbital motion (Lissajous* figure).

Orbital motion provides the basis for much malfunction monitoring of shaft-borne systems

as well as providing protection against shaft-bearing friction as clearances close [53]. An
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extension of the displacement monitor is a facility for vibration monitoring by which the
peak-to-peak displacement signal from the transducer amplifier is shifted to a reference

level above which the amplitude is sensed.

Displacement measurement has been applied to REB by using the outer ring of the bearing
as the target rather than the shaft. This method was first demonstrated by Philips who used
a fibre optic displacement sensor to detect micron deflections of the bearing outer race
[54], The displacement sensor was mounted in the bearing housing and proved capable of
detecting defects on the bearing elements. This experimental technique was developed
commercially by the Bentley Nevada Coiporation. As an alternative to the fibre optic
sensor they developed a very high gain eddy current proximity sensor. This had the
advantage ofbeing an industrially proven technology not susceptible to contamination. The
system is called REBAM, which is an acronym for rolling element bearing activity monitor.

Figure 16 shows how the eddy current sensor is mounted in the bearing housing.

Bearing

Housing
Optional Typical probe
addition mount

probe
2000 MV/MIL

Figure 16. Typical mounting position for the REBAM eddy current proximity sensor.
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The REBAM system was tested successfully in the laboratory and in a variety of industrial
environments [55]. Spencer and Hansen reported that this method possessed significant
advantages over other techniques used for REB monitoring [56]. They tested it against
casing mounted accelerometers, acoustic emission and velocity sensors. The eddy current

probe was found to be able to detect bearing damage which the other systems could not.

The main disadvantage of the REBAM system is that the sensor has to be specially
mounted within the bearing housing. This means that it can only be applied to machines
where the housing can be drilled and tapped in the load zone to accommodate the sensor.

The bearing outer ring is also weakened by the lack of support at the sensor location. The
gap between the outer ring and the sensor is an important parameter of the system, but this

is subject to change due to vibration and thermal expansion [57].

The proven advantages of the REBAM system are significant in considering the application
of the IME to bearing condition monitoring. The validity of the idea of using displacement
to monitor the forces developed in a bearing directly is confirmed by the experimental work
that has been done with the REBAM system. By looking at the shaft} response to these
forces, rather than their effect on the bearing’s outer race the IME avoids the problems with

installation outlined above.

2.2.2 The importance of proximity monitoring

Some of the leading arguments for the preference of proximity monitoring of shaft

displacement over acceleration or velocity sensing were made by Collacott as follows [4]:
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. Most harmful radial dynamic forces originate with the rotor, or with the rotor system
including its restraints, compliances and damping. A bearing housing on which vibration
is measured is a secondary system, vibration is transmitted to it via the bearing system
and this vibration is rarely the same as the rotor vibration. The differences lie in
amplitude, phase and frequency content.

. Vibration waveforms indicative of machine performance are to be observed primarily on
the rotor.

. Experience suggests that machine cases simply do not manifest waveforms of direct
significance to rotor dynamics with sufficient fidelity for dependable protection
calculations, and certainly not for analysis.

. Shaft displacement increases with bearing deterioration but vibration velocities measured
on the bearing housing are not always sensitive to this increase.

. Vibration velocity measurements depend largely on correct location of the sensor;

proximity monitoring presents no such difficulties.
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2.3 Vibration monitoring of rolling element bearings

2.3.1 Bearing vibrational characteristics

Central to current bearing health monitoring techniques is the idea that the relative health of
a rolling element bearing can be ascertained by examining the induced vibrations at the
surface of the bearing housing. These vibrations will result from changing forces inside the
bearing and from the associated machinery. Ball and roller bearings usually follow a
characteristic wear / failure pattern [58], When a normal bearing is properly installed and
lubricated, the main source of vibration will be the contacts between the rolling elements
and the bearing races. Surface finish errors produce a roughening of the contact surfaces of
the bearing. They produce vibrations of relatively low amplitude zero-mean Gaussian
noise. Geometrical imperfections in bearings result from errors in manufacturing. Varying
diameter rolling elements and races with a waviness of a few cycles around the
circumference produce low frequency periodic vibrations. The work of Su et al in
studying the frequency characteristics of normal bearing vibrations has shown that
geometrical errors in a normal bearing under certain conditions can produce frequency
spectra indistinguishable from those of a damaged bearing [59]. These two sources of
vibration combine to excite the machine structure giving rise to the normal vibration due to

the running of a healthy bearing.

As a bearing ages, the vibration level increases slightly due to roughening of the contact
surfaces. Hertzian contact stress is developed by a loaded rolling element in contact with
the inner and outer races. The fatigue loading created by the motion of the rolling element
induces the nucleation and growth of subsurface cracks. These cracks extend incrementally

during successive load cycles. Eventually these subsurface cracks join and grow to reach
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the surface of the race. This results in a loss of material from the race which is known as a
spall. This process is accelerated by improper installation, shaft imbalance, lubrication
failure, excessive loading and contaminants.  Following the initial spalling, wear
accumulates rapidly due to the damage caused by the freed particles and due to rolling

surfaces impacting the spalls.

Single spalls or point defects produce cyclic impulses each time the defect contacts another
surface. The period of these impulses is a function of the defect location, bearing geometry
and shaft speed. Equations have been developed which relate these factors and can be used
to separately detect specific defects within the bearing on the inner and outer races or the
rolling elements. Figure 17 shows the nomenclature used for REB components. Figure 18

illustrates bearing geometry.

Outer ring

Rolling element

Inner ring

Inner race

Cage

Outer race

Figure 17. Bearing nomenclature.
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Figure 18. Geometry ofa typical rolling element bearing: D = bearing pitch diameter,
d = rolling element diameter, N = number of balls or rollers, 0 = contact angle.

The following equations identify each of the bearing defect frequencies together with some
unique relationships between them. They assume that the inner race is rotating with the
shaft and the outer race is fixed [47]. These frequencies are only approximate as they will
be affected by slipping of the elements within the bearings and spinning of the races on the
shaft orin the housing. Slip is believed to be relatively unimportant under normal

conditions, however at high speeds and under light loads slip may be as high as 50% [60],

"

D 1 (d cos# 1
— - X rpm
2d I 7 )

Inner race defectfrequency = ~ (/ + xcosO\Xrpm 2)
Outer race defectfrequency = ~ -"cos#jx rpm = Nx FTF 3)
Fundemental Train Frequency = |(/ - £cos«) xrpm - 0.4 Xrpm 4

Impulses due to defects on the bearing surfaces propagate through the machine structure.

The vibration measured at the machine casing or bearing housing is a result of the
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excitation of the machine structure by these impulses combined with that from other
machine components. The signal that is detected is modified by the transmission path from
the defect location to the point of measurement dependant on the natural frequencies of the

bearing parts and their supports.

2.3.2 Bearing vibration analysis methods
The following sections briefly outline the main methods currently used for the analysis of
vibration signals for the detection of bearing defects. This section is based on reviews by

Mathew and Alfredson [61], Tranter [6] and Martin [17].

2.3.2.1 Overall level (rms) measurement

This is a simple and inexpensive measurement to take. The overall level of machine
vibration is compared either to a manufacturers recommended value or a value recorded
when the machine is known to be in good health. Any increase is taken to indicate the
development of a fault. Using both accelerometers and velocity probes it is possible to
determine whether the increase in vibration is low or high frequency in nature. The greatest
limitation of this approach is the lack of sensitivity and information in the data. Unless a
bearing problem is severe, the overall level measurements may not change significantly.
Conversely other sources of vibration in the machine can cause the overall vibration level to

rise. For this reason this technique is rarely used for the early detection ofbearing defects.

2.3.2.2 Peak level detection
As an alternative to the rms level of the vibration, the peak level of the signal can be

trended. The rationale for this is that it is the impulsive component of the signal that will
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increase due to bearing damage. This method is not reliable on its own as, again, other

vibration sources in the machine can also affect the peak level of the signal.

2.3.2.3 Crest factor

In the time domain the vibration waveform due to a healthy bearing is mostly random. As
bearing defects develop the impulses they generate increase the peak level of the signal. The
crest factor is the ratio of the peak level to the rms level. This is one of the dimensionless

parameters that is claimed to be relatively insensitive to bearing speed and load [61].

2.3.2.4 Shock pulse

The shock pulse method detects development of a mechanical shock wave caused by
increasing bearing damage. It is actually a measure of the level at the bearing resonance
-32 kHz. This method has been used widely, although concern has been expressed that the
shock pulse reading can decrease in later stages of bearing damage when the impulsiveness
of the signal decreases. Other conditions such as turbulence and cavitation in pumps can

act as a source of noise which can lead to false readings.

2.3.2.5 Spike energy
This measurement, patented by IRD Mechanalysis, is based on the detection of high
frequency peak acceleration [6]. It uses a circuit to reject vibration due to low frequency

sources which highlights the peak level due to the excitation of machine resonances.
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2.3.2.6 Kurtosis

This is a statistical parameter, derived from the statistical moments of the probability density
function of the vibration signal. A bearing in good condition has a gaussian distribution of
accelerations. With damage there is a relative increase in the high levels of acceleration, i.e.
the tails of the distribution become more dominant [4]. Kurtosis has the major advantage
that the calculated value remains constant for an undamaged bearing irrespective of load
and speed, yet changes with damage [62]. The extent of the damage can be assessed from
the distribution of this statistical parameter in selected frequency ranges. Experimental
studies over bearing life durations have shown that while kurtosis can identify defective
bearings, it cannot indicate incipient damage effectively [61]. This technique will be
explained in more detail in chapter 5 as it has proven to be valuable in the inteipretation of

the IME signal.

23.2.1 The High Frequency Resonance Technique (HFRT)

One major problem in attempting to monitor bearing damage is that more dominant low
frequency signals, from other machine elements, can effectively mask the bearing
frequencies. The HFRT is based on selecting a narrow band signal, band passed filtered
from the broad band overall vibration [60]. This narrow band is centred on a structural
resonance which is excited by the impulses from any bearing defect at a much higher
frequency than the vibration generated by other machine elements. This resonance could be
the vibration ofthe elements between the races, the vibration of the races themselves in ring
mode, the vibration of the bearing housing or machine structure, vibration in the transducer
or a combination of these. The resonance frequency is amplitude modulated at the

characteristic defect frequency at which the impulses occur. The resonance acts effectively
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as a carrier frequency. The signal centred on the resonance frequency is half wave rectified

and then demodulated to reveal the presence of the defect frequency.

2.3.2.8 Spectral analysis

Once the vibration signal from a machine has been collected by a sensor those components
of it due to the bearings must be isolated so an evaluation of the bearing condition can be
made. A frequency spectrum is derived from the vibration waveform by performing a fast
fourier transform (EFT). From this spectrum the peaks due to the calculated characteristic
defect frequencies can be examined [63]. Diagnosis is, however, rarely this simple for all
but the most simple machines. In practice the spectrum will contain a number of peaks
which may represent bearing conditions and others which are related to other sources of
vibration. As discussed previously the signal may also not accurately represent the
condition of the bearing completely due to its mounting position, the signal path, etc. Use
ofthe correct model to explain the spectrum and its peaks is central to the successful use of
spectral analysis. McFadden and Smith have defined a model to explain the appearance of
vibration frequency spectra produced by bearing defects [60,64,65]. This has done a great
deal to contribute to the reliability of the HFRT and other vibration techniques. Parts of
this model will be explained in detail in chapter 5. The work of McFadden and Smith was
used as a basis for the development of the model used to interpret and explain the form of

the IME signal.

Once the frequency spectrum of'the vibration has been calculated there are various methods
commonly used to aid further analysis. Waterfall plots, where successive spectra are

represented in three dimensions with time as the third, are used to identify changes over
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time by eye. They can be difficult to interpret and it is hard to quantity the differences in
successive spectra. The spectrum of the logarithm of the power spectrum is called the
cepstrum. This is used to highlight periodicities in the power spectrum, summing all the
harmonics into one peak in the cepstrum. This allows simplified trending and identification
of specific fault frequencies. Difference spectra may be calculated by subtracting a baseline
spectrum representing the machine in a healthy state from later spectra. Changes in level at
frequencies of interest can then be easily identified. Since the frequencies at which bearing
defects appear in the spectra are dependent on the shaft speed this technique does not work

well when the shaft speed changes between measurements.
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Chapter 3
The Experimental Incremental

Motion Encoder System
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3. The experimental incremental motion encoder system

The basis of this research work has been the application of an experimental incremental
motion encoder system to bearing condition monitoring experiments. At the start of the
project no operational IME device or bearing condition monitoring system existed. The
project therefore began with the requirement to build an IME device and then design and
implement the novel hardware and software of a bearing condition monitoring system based
upon it. This chapter details the essential first phase of the project in which an experimental
IME sensor was constructed based on the work by Orton [1,2] and the design of the
experimental system was developed. The chapter begins with an explanation of the
theoretical basis of the IME from Orton’s work and other sources. The experimental IME
system developed during the project is then described in successive sections. This system is
shown as a block diagram in figure 19. It consists of the IME device which actually senses
motion, the interface circuit and computers which capture the IME signal, and the

computer which processes, interprets and displays the signal.

3.1 The incremental motion encoder

3.1.1 High precision angular measurement with incremental encoders

The incremental motion encoder is based on a measurement principle that is used in
conventional high precision incremental encoders to correct for the eccentricity of the disk
centre. For high precision angular measurement applications the measuring step given by
the actual grating line spacing of an encoder disk is insufficient. It is not technically feasible
to use an optical grating with the line spacing necessary to give resolutions of 0.001° or
better. For these applications a process of interpolation is used to subdivide the spacing

between the physical grating lines [66,67]. This may be an analogue or a digital process
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Figure 19. Block diagram of the experimental IME system developed during this project,
depending on the accuracy required, but in both cases the cycle of the voltage signal from
the read head due to the passage of a single grating line is subdivided by using voltage
levels. In an analogue system resistor networks are used to produce additional phase
shifted signals by vectorial addition. An 18° phase shift produces a 5x interpolation of the
original signal. In this case the read head output signals have five times the frequency of the
input signals and twenty edges are produced from each grating line. Digital interpolation
allows for the highest possible subdivision of the grating line spacing. The analogue signal
from the read head is converted into digital voltage values and a microprocessor is used as

an arc-tangent calculator to pick an interpolation value from a look-up table. Interpolation

of 1024x on a 36000 line grating allows a measuring step of0.00001° to be achieved.

Due to this high degree of angular accuracy, high precision angular encoders are
particularly susceptible to shaft axial eccentricity as a source of error. This axial
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eccentricity may be due either to the motion of the encoder shaft relative to the read heads
in the plane of the encoder disk or the error in mounting the disk to the encoder shaft. It is
not possible to achieve absolutely perfect centring of the graduations of the encoder disk to
the centre of rotation of the encoder shaft. A typical minimum value for this eccentricity
given by Heidenhain, a manufacturer of high precision encoders, is 1pm when a precision
mounting device is used. Figure 20 shows how this eccentricity of the encoder graduations
to the centre of rotation produces an error in the angular measurement made by the

encoder. The angle measured by the encoder 0’differs from the actual angle the shaft has

rotated through 0, by an angular error AO. This angular error is proportional to the

eccentricity e.

Figure 20. The eccentricity error. A = read head, M= graduation centre, D = axis of rotation

or the shaft, e = eccentricity, 0 = "true" angle, 0’= measured angle, A0 = measurement error.
In order to correct for this error, high precision encoders use two read heads in diametrical
opposition. The correct angle of rotation can be calculated from the angle measured at
both read heads. Digital interpolation provides for the highest possible angular accuracy

and so four read heads are used in two pairs. The corrected values from each pair are
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averaged to give a single output measurement. Figure 21 shows an exaggerated example
of how the error correction calculation is made. The angle measured by read head A is 90°
and that measured at read head B is 70°. The actual angle of rotation is the average of

these two values, 80°.

’oa

70

Figure 21. Correction of eccentricity error with two read heads.

The value for A0 that is found using this method is discarded after the angular measurement

has been corrected. The eccentricity of the disk centre could be found by applying equation

5, but since it is angular accuracy that is required this measurement is not made.

e= R tan A© %)

In the above example the angular error A0 is 10°. In practice the angular error of a high

precision encoder with a 1pm eccentricity will range between +1.6" and +5.1" dependent

on the radius of the graduations on the disk [67], Equation 6 shows the relationship

51



between the graduation radius R in mm, the eccentricity e in jam and the angular error A0 in

arc seconds.

A0 =+412x — (6)
2R

The fact that such small angular differences are involved in making the angular
measurement correction limits this method of ensuring angular accuracy to high precision
encoders. Using interpolation these devices can make the high resolution measurements
required. The low resolution encoders commonly used for machine speed control or
positioning are unable to make such measurements using conventional methods. The
incremental motion encoder is based on a method which allows high precision interpolation
of a low resolution encoder disk. This allows measurement of shaft axial eccentricity and

hence the motion of the shaft.

3.1.2 Time base interpolation

The most common approach to the use of incremental encoders for the measurement of
angular velocity is for the number of encoder signal cycles to be counted in a series of equal
time periods, figure 22a. The measurement of angular distance travelled by the encoder is
accurate to £1 encoder grating interval in each time period. When precision measurement
of angular velocity is required a method known as reciprocal timing is used [68]. Using this
method the time taken for the encoder to travel through the equal angular interval

represented by the grating line spacing is measured. This is achieved by counting the pulses
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Figure 22. Conventional vs. reciprocal method of measuring angular velocity.

of a clock oscillator between the edges of each successive cycle of the square wave encoder

signal, figure 22b. This measurement of time will be accurate to =1 clock cycle.

Extensive use of the reciprocal method for the precise measurement of angular velocity
during grinding processes led Orton to formulate the idea which is the basis of the
measurement accuracy of the IME [1]. He proposed that by using the subdivision of the
encoder grating line interval provided by a clock oscillator, an encoder with a relatively low
resolution disk could make measurements of very small differences in angle. These would
be equivalent to those that could be made with a disk of a much higher physical resolution.

The term time base interpolation' is now used by the author to describe this method and its
application to the IME. In theory, the size of the smallest interpolation step is limited only
by the frequency of the clock oscillator. In practice the ability of electronics to count high
frequency edges acts as the limiting factor. The number of interpolation steps, N, is given

by equation 7.
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N = [
rps x G @

Fth= frequency ofthe time base, ips = rotations per second ofthe encoder disk,

G = number of grating lines on the encoder

Angular rotation cannot be measured with any more than the actual resolution of the
encoder disk using time base interpolation. The high degree of angular accuracy provided

by this method can only be used to measure the angular measurement error AO0.

Figure 23 illustrates how the IME measures A0 and uses this to find horizontal

displacement. A single clock oscillator provides a common timebase for a pan of
diametrically opposed encoder read heads at positions A and B, distance L apart.

When the centre line of the disk coincides with the centre line joining the read heads the
difference between the angular position measured at A and that at B is equal to 7t. In this

case the time difference between successive edges of the encoder square waves will be
zero. The displacement of the disk centre with respect to the centre line of the read heads
by horizontal distance d leads to a difference in angular position measurement between

A and B of 0 radians. The angular measurement error, A0, will be given by equation 8.
The time difference, Af, which will be recorded between the encoder square wave

output signals from read heads A and B is proportional to AO.

A0 = (71-0) (8)
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Figure 23. Measurement of horizontal displacement.
Since for small angles measured in radians the tangent of an angle is approximately equal to
the angle itself, the value of d can be determined by substituting equation 8 into equation 5
and rearranging to account for the diameter of the disk rather than the radius. The
displacement of the shaft centre from the centre line of the measuring read heads, d, is

therefore given by equation 9.

- 6)L
(K-06) ©)

This is an approximation which can be made for centre displacements of the order of tens
of microns if the disk is of the order of tens of millimetres in diameter. Each pair of
diametrically opposed read heads calculates the position of the shaft centre in a single

dimension. Figure 24 shows the read head configuration of an IME device constructed
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with four read heads, marked A - D, spaced at 90° intervals around the circumference of an
optical grating disk. Together the angular measurements from the two read head pairs
allow the shaft centre, shown at X, to be located in two dimensions relative to the

intersection of the read head pair centre lines, shown at X.

—

Figure 24. Shaft centre position calculation.

The actual calculation is performed within the IME's computer system based on the timing
values recorded at each read head. The method by which these values are collected is

described in section 3.2 which describes the hardware of the experimental IME system.

Routson et al. [69] and Wang et al. [70] have conducted research into the precise

measurement of angular motion required for the analysis of torsional vibration using optical
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gratings. Their work was based on using a method of time base interpolation similar to that
of the IME, but applied to coarse resolution reflective strips. Their interest was restricted
to angular motion and although they calculated the shaft centre position, this was only used
to correct the angular measurements in the same manner as that described for a precision
encoder. Within their work the placing of the read heads around the drum grating was
considered in detail. They give an extensive derivation of a set of equations for the
calculation of shaft centre position from multiple read heads [69]. These complement the
work by Orton for the IME in [2] showing how three read heads at 120° could perform the

centre position calculation.

The fact that the basic principle of time base interpolation has already been validated by
other researchers pursuing different applications related to rotating machines meant that

within this project no attempt was made to re-examine this fundamental area.

Other research in the field of torsional vibration measurement has also made use of the
reciprocal timing method for the accurate measurement of angular motion. Lenaghan [71]
describes using two strips of photographic film with twenty clear and opaque zones
mounted on reflective backing and wrapped around the crank shaft of an engine. A 2 MHz
oscillator is used with two counters and a computer to measure the twist angle of the shaft
by accurately measuring the angular difference between each strip. Citron [72] developed a
similar system using electromagnetic sensors and toothed wheels. Neither of these projects

used multiple read heads.
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3.1.3 IME applications

At the start of this project a wide range of applications were envisaged for sensors based on
the IME principle and implemented with various technologies. Figure 25 presents these in
the form of a tree diagram. The IME is by no means limited to the condition monitoring of
rolling element bearings, but as this project was limited as to what could realistically be
done it was necessary to select one main direction for the research and direct most
emphasis and all practical work into this. The aim of the approach was to prove the

operating principle in one area sufficiently for it to be extrapolated into others.

3.1.4 The experimental IME device

A sensor based on the IME principle can be implemented using a variety of optical or
electromagnetic technologies in such a way as to give a square wave output from a marked,
rotating, surface. Within the scope of this project the concentration has been solely on the
use of optical devices. This has been partly due to the extensive use of optical encoders as
part of the research that the IME grew out of. There was also the practical consideration
that non-optical components fabricated in such a way that they could be engineered to suit

this application were not available within the project’ limited resources.
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Figure 25. Application areas for IME technology.

Before the start of this research the only attempt at creating an IME device had been the
encoder used in the preceding MSc [3], This one off adaptation of a standard encoder
device had been able to satisfy the limited requirements of the MSc project, but

experimental work could not be undertaken with it. Its construction was both too solid and
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too intricate to allow the type of work that was envisaged, which would have required the
disassembly of the device and the remounting of its disc and read heads around a moveable
shaft. This encoder was never used for measurement experiments. Instead its output signal
was used extensively during the first nine months of the project to test the hardware and
software of the data capture interface as this was developed. These tests are detailed in the

sections that deal with the development of the data capture interface.

Three options were considered for the creation of the experimental IME device. An
existing encoder could have been purchased and modified, an IME could have been
manufactured especially for the project or an IME could have been built from kit encoder
parts. Existing encoders examined lacked the flexibility to be used for experimental work
as the disk could not be removed from the encoder housing. Although some had two read
heads in opposition, none had the fiill four read head configuration required. The expense
of a bespoke encoder prohibited the consideration of this option in the initial phase of the
project, although an encoder using fibre optics was later built as a collaboration with
Muirhead Vactric Ltd. It was decided to construct the experimental IME from kit encoder
parts as these offered the greatest flexibility for the design and subsequent application of the

device.

The design of the fibre optic encoder built by Muirhead Vactric Ltd. is described in

appendix D. This device was never used experimentally due to its low resolution and

problems with its electronics.
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The IME device that was built for this research project was constructed from standard
optical encoder kit parts of the type commonly used for industrial motion control. These
were obtained as a set of development samples from Hewlett Packard Components
Limited. The components used were a HEDS-6140 OPT J0O code wheel (1024 counts per
turn) and four HEDS-9040 OPT J13 photoelectric read heads, together with connectors
and the associated mounting tool. Full technical specifications are given in [73]. The
experimental encoder is shown in figure 26. This is the device used for all the experimental

work on which this thesis is based.

Figure 26. Experimental incremental motion encoder showing the configuration of encoder
disk and read heads used to sense the motion of the shaft centre. Shaft dia. 8mm.

The experimental encoder was mounted on a test rig designed by the author specifically for
this research. The design was made to satisfy two main objectives. Firstly, to allow the

mounting of the four readheads and the encoder disc to embody the complete two
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dimensional incremental motion encoder. Secondly it had to permit the planned
experimental monitoring of rolling element bearings to be conducted using the mounted
heads. This meant the rig had to allow various bearings to be mounted and removed from
the shaft supporting the encoder disc. The design of the rig was influenced by work on
experimental bearing condition monitoring read during the literature survey [28,62,74]. In
particular a paper by Ford [75], which describes in detail the design criteria for such an
experimental rig, rather than simply describing its use, was influential on the design of the
bearing changing mechanism. The rig was built by the university$ mechanical engineering

workshop from the author’s design drawings.

The size of the rig was dictated by the dimensions of the Hewlett Packard (HP)
components, particularly the code wheel which required an 8mm shaft size. This shaft size
was not ideal for the rig. The loading that could be applied without the shaft bending
significantly was much less than rated working load of the bearings used in the rig. The
principal limitation of the small shaft size was the inability of the rig to test bearings to
destruction under high loads. Experiments were conducted with induced bearing defects

because of this.

The part of the rig shown in figure 26 is the bearing test pillar supporting the encoder
mounting plate. The mounting plate shown carries the four HP readheads. The rig design
uses the encoder mounting plate to allow different read head types to be mounted on the
rig. Using the common dimensions of the four black corner screws, any other design of
encoder can be constructed around a similar base plate. This was the case with the fibre

optic based encoder produced by Muirhead Vactric.
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Figure 27. The bearing test piiiar with the inner race of a bearing on the shaft.

The bearings chosen for experimental work were those of the roller and angular contact
types. Deep groove ball bearings were not used as they did not allow the disassembly
required to induce defects on the bearing surfaces. The bearings chosen had a 11mm bore
diameter which allowed a collar to be used to fit the inner race to the shaft so that the
bearing could be easily mounted and removed from the shaft. Figure 27 shows the reverse
side of the bearing test pillar to figure 26. The inner race of a bearing is shown withdrawn
on its supporting collar. The pillar houses the bearing in the recess shown secured by a
single screw, not visible in the figure. A rubber washer is used to prevent this single

pressure point from distorting the outer race.

The whole of the experimental rig is shown in figure 28. The bearing in the motor end

pillar which supports the far end of the shaft has a 8mm bore and is therefore significantly
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Figure 28. View of the experimental rig. The inner race mounted on its
supporting collar is shown withdrawn from the bearing in the test pillar

smaller than the bearing used for testing. This difference in size is deliberate and is designed
to limit the effect any vibrational frequencies from this bearing will have on the

measurements taken from the sensor at the bearing test pillar end of the shaft.

The encoder read heads are shown connected to the circuit board which the holds the pull
up resistors for the read head outputs. Each read head has a once per revolution channel as
well as two quadrature outputs. Only one head has its once per revolution signal connected
through to the system, the other three are grounded. This signal is used to synchronise the
start of data collection within the monitoring system. The second quadrature output of
each read head is also grounded. The encoder signals reach the data capture interface via a

ribbon cable which connects to the box connector on the circuit board.
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The shaft was driven by a 12v DC servo motor powered from a standard laboratory desk

top power supply. This motor is able to provide speeds up to -4000 rpm.

In the original description of the IME [1] the small variations in angular distance between
the lines on the encoder disk, the interslot errors, were mentioned as a possible source of
error. A special calibration of the disk was proposed to correct for this. Early in this
research examination of the construction of medium to high resolution encoders revealed
that the design commonly used has the property of averaging interslot distances [66].

Instead of scanning individual encoder disk slots a scanning reticle is used which carries a
pattern of identical gratings to that on the grating disk. The light source is shone through
this reticle, as shown in figure 29, and onto the rotating disk. The lines of the reticle
coincide alternately with the lines and spaces of the disk grating as it rotates. In this way
the periodic fluctuations of light which drive the photovoltaic cells and generate the
encoder output signal are produced from across a number of grating lines. This averages
the slight variations in interslot distances which means that these are a much less significant

than in low resolution encoder devices where single angular intervals are measured.

The method of calibration for a low resolution device is described in detail by Routson [69]
who used a 42 zone barcode-like printed strip on a shaft for torsional vibration

measurement.

3.2 The data capture interface
The data capture interface of the experimental IME system is composed of two parts, the

timer counter circuit board and the embedded computer hardware. The encoder output
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Figure 29. The method of scanning a high resolution optical encoder,
signals are connected to the timer counter circuit board which records time values for each
wave edge. Embedded computers take the time values from the circuit board and store
them for processing by the data processing computer. The data capture interface thus acts
as a link between the outside world, represented by the encoder motion, and the internal

computations of the system.

The initial design for the data capture interface was taken directly from that described in the
IME patent application [2]. This initial design was based on that of the data logger
previously used by Orton with a single read head encoder for precision angular velocity
measurement [1], It was expected that the components that had made up this data logger,
some of which were implementation specific, would form the data capture interface of the
IME. Thus the initial IME data capture interface was VME based because the data logger

had been. There had been no initial attempt to make an application specific analysis of the
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unique requirements of the IME. The development of the data capture interface design
during this project was driven by the need to analyse the requirements of the system from
first principles in order to arrive at a hardware configuration which adequately met those

requirements.

Appendix B describes development of the data capture interface in detail. In particular it
explains the error analysis that was carried out to determine the correctness of the data
produced by the system. The following two sections describe the basic function of the data
capture interface’ two parts and the implementations of each that were used for the

project’ experimental work.

3.2.1 The timer counter interface circuit

An interface circuit is required to integrate measurements of time with the square wave
output of the IME device. These measurements are then processed by a computer system
to produce time base interpolated angular measurements. This circuit is simple in
construction and is shown schematically in figure 30. A high frequency precision clock
oscillator (1) drives a free running 16-bit synchronous counter (2). Four identical 16-bit
latches (3) are joined to the counter by a bus (4). The activating pin of each latch is
connected to the square wave output of one encoder read head. The latch output pins are
connected to the embedded computer system. The falling edge of each incoming read
head’s square wave latches a count value onto its respective latch. This count value
represents the exact time the edge arrived at the latch relative to preceding and succeeding
edges. Since the same counter provides the count values for all four latches, the latched

counts also records the arrival time of the edge relative to those from the other read heads.
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Figure 30. A schematic diagram of the IME interface circuit.
The embedded computer system is signalled by the falling edge that data is waiting on the

latch. The computer can then collect the latched count for storage in a memory table. The

difference between successive values gives the time base interpolation count.

Appendix C contains a block diagram and full circuit schematics of the circuit board that
was implemented for the experimental system using TTL logic chips on a full height VME

card.

3.2.2 The embedded computer hardware
From the overall design point of view there is no division between a data processing
computer element and a data collection element in an IME system. Both these tasks could

be done by a single computer and the correct set of peripherals using the current design of
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the experimental system. The origin of the distinction lies with Orton’s original design and
implementation which was based on the use of one embedded computer to log the data and

a workstation or PC to analyse and then display it.

The current design of the data capture interface computer system is based on an
examination of the data flow through the IME system as a whole conducted during the
initial phase of this research. The data is inherently parallel from its origins through to the
final processing stage. The four read heads produce asynchronous square wave trains in
parallel which latch values from the counter on parallel latches which are read into the
computer system via parallel interfaces. The counter data is also processed by the
computer as parallel streams. From this analysis it was decided to replace the sequential
algorithm used in the original design for data collection with a parallel solution based upon
a generalised computer architecture. For expediency this design was implemented using the
VME computer components available at the time although the generalised nature of the
design would allow it to be implemented using different equipment with the same
functionality. The design was called the conceptual computer architecture to emphasis its
technology independence. Various implementations can be envisaged as future

developments based on this framework.

As well as an analysis of the fundamental requirements of the IME data capture interface
the conceptual computer architecture drew heavily from parts of the literature survey
conducted in support of the project. Published descriptions of various commercial and
experimental computer based data acquisition systems were reviewed. None of these were

exactly analogous to the system which needed to be created to support the IME as almost
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all had some kind of analogue to digital conversion step. The use of direct memory access
(DMA) controllers to allow the output of high speed analogue to digital converters (ADC)
to be directly loaded into a computers memory was noted as a common feature of many
data analysis systems [76,77]. It was also described as a way of implementing multi-

processor communication [78,79].

The computer architecture required to support the IME is functionally divided between
data collection, performed by the data capture interface, and data processing, analysis and
display. As shown schematically in figure 31 the output channels of the IME interface
circuit are each independently interfaced to a data collection unit (DCU) which is linked

across a shared memory interface to the computer system which performs the measurement

calculations.
Data collection Shared memory Graphical
units interface data
3015 displays
j “LIT r
B_l’l_l’l_I‘
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Figure 31. The conceptual computer architecture.
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Figure 32 shows the functional components which make up a DCU. A parallel interface
(PI) is used to link the latches ofthe IME interface circuit to the data bus ofthe DCU. The
count values are read from the PI into the dual port first in first out (FIFO) memory of the
DCU under the control of the memory management unit (MMU) responding to the falling
edges of the IME output. The processing computer system sees the counter values across
the shared memory interface as a four column table. The start of data collection is
synchronised by the once per revolution signal from one read head. Use of this signal
allows the data collected to be precisely related to the angular position of the external shaft.
After it has been set by the computer system the DCU which receives this input signals the
others via the shared memory interface. The number of counter values required is written
to all the MMUs and they fill the data table accordingly. Data collection then stops and the
values in the table are then processed to give values for displacement and angular velocity.

The user has control of the collection and display of this data via a graphical user interface
(GUI) running on the data processing computer. The system can gather data either in
blocks, for a certain number ofrotations, or continuously, averaging the resulting values for

display or writing them to disk for historical analysis.

Parallel Memory Local / Global FIFO
interface management memory storage
unit
Data bus Data bus

n

Once per revolution signal

IME square wave output

Latched interface circuit
counter values

Figure 32. Data collection unit.
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In the experimental system the DCUs were implemented with four monoboard 16 MHz
MC68000 computers connected via a VME bus to global memory. Each processor acts as
the memory management unit between its board’s parallel interface and local memory. This
parallel approach allows the system to collect data at shaft speeds up to 8000 rpm from a
sensor with a 1024 grating line disk. A data rate of 136.5 kHz per channel. The IME
interface circuit is housed in the same enclosure as the VME bus. A fifth MC68000 on the
VME bus acts as bus controller, reading the data collected out of the global memory and
transmitting it to a PC, via a 16-bit wide parallel connection, where the data processing

program runs under a Microsoft windows GUI.

The DCUs have the same function as DMA controllers and these are the components with
which they would ideally be implemented. Mated to the latches of the interface circuit each
DMA controller could load data into the memory of a PC based system which might have a
digital signal processing (DSP) co-processor to actually do the calculation of displacement
and subsequent analysis. Despite not being able to make an ideal implementation of the
conceptual architecture due to financial restriction, that which was made worked very well

and proved the general operation of this design.

The highly accurate angular velocity monitoring aspect of Orton's work [1] was
subsequently developed by Steiger [80] as part of a method of improving the smoothness
of stepping motor based, multi-axis, continuous path motion for machine tools. Stieger's
work has itself become the subject of further development by MacManus and Stout. To

support the development of Steiger's machine control algorithm a new hardware
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architecture has been designed for the data capture interface based on a PC interface card

[81].

3.3 The data analysis and display computer software.

The experimental IME system used two separate computer platforms to host software for
the analysis and display of the sensor data. A 386 PC was used for direct control over the
upload of data from the embedded data capture interface and a UNIX workstation was
used for the computationally intensive numerical analysis of the data. This section explains

the basic function of this software and the differences between each platform.

3.3.1 Software structure

Figure 33 is a data flow diagram which illustrates the structure of analysis and display
software. The source of the counter data, upon which all subsequent processing takes
place, is the main practical difference between the two platforms. The PC based system
takes this data directly from the data capture interface. It therefore has to check the data
for errors and correct these where found. This data is saved as a file to allow the UNIX
program to access it across the local area network (LAN) to which both machines are
connected. To minimise file size the data is saved in its primary form as 16-bit timer
counter values rather than as displacement or any derived data type. The programs on both
platforms perform the same basic calculation to derive shaft centre displacement. This
calculation is explained in detail in the next section. The PC program displays the
displacement values chiefly to allow the data loaded by the system to be visually checked

and the alignment of the rig} elements adjusted.
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Figure 33. Data flow diagram of the data analysis and display software.

The main, UNIX based, data analysis program allows the display of displacement, average-
removed or smoothed displacement, angular velocity, shaft centre velocity, shaft centre
acceleration and time interval between data points. Each of these data types is calculated
for the two directions of measurement of the IME. The display allows for the scaling and
scrolling of'the data recorded. The display may also be printed out. Analysis of the data is
carried out with a variety of DSP algorithms. This DSP functionality in the experimental
software is provided by a specialist library of DSP routines. These routines provide the
program with the ability to do FFTs, various digital filters, correlation and apply statistical
techniques. The analysis program integrates these routines into their own set of GUI sub-
menus, allowing them to be selected and applied in a flexible way to the displacement and

other derived data types.
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3.3.2 The basic displacement calculation

The analysis computer system sees the output of the IME as a series of counter values from
each read head, one for each line on the encoder grating disk. The angular difference
between read heads is calculated from these counter values. The start of data collection
from all four reads heads is synchronised by a once per revolution signal marker on the
encoder disk. This is taken from the output of one read head. From this point the
successive timer counter values are stored in a four column table in the computers memory
the format of which is similar to table 2 below. Each row consists of two pairs of values

from the diametrically opposed read head pairs A-B and C-D.

Table 2.

Angular Counter values
position

A B C D
0 A507 A60B  A5B7 AS5AD
1 A68B A78D A73B  A730
2 A80F A910 A8BE AS8B3
3 A994  AA92 AA40 AA36
4 AB17 AC15 ABC5 ABB9

The row number indicates the angular position, at intervals of the encoder grating line
spacing, from which the readings were taken. Ifthe disk is centred on the diameter joining
the read heads then a grating line will pass each read head simultaneously. In this case the
numerical difference between pairs of values in each row will be zero. If the disk is off
centre, and there is an angular difference between the read head pairs, then counter values
at the same angular position, indicated by the row number in the table will be different. The

grating line passes each read head at a different point in time and therefore latches different
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counter values. This difference in time is used to find the precise angular difference

between the read heads by means oftime base interpolation. The counter is free running.

Figure 34 shows a graph of angular position against time for read heads A and B with an
inset showing the format of the memory table. In this example A is shown to be leading B

as would be the case from the read heads shown in figure 23.

, Angular position in encoder
W grating line increments.

Tabulated Values

. Crating line Angular latched counter values
Angular position spacin L A : 5 ) N
of B at rp pacing position: : H D
no- o1 Tu-1A  T.-,8
Angular position n THA T|)B
of Bat m
in- nEl oy Xit+1B

m I p ml Ti di
Tn-lA fr-iB  1)A InB ime measurec in
oscillator clock cycles

Figure 34. Calculation ofrelative angular position by time base interpolation
At angular position n the time value recorded from read head A, TIA is less than that
recorded at read head B, T,,b. To find % the difference in angular position at this point, the
angular position measured by B at T,,;a must be found by interpolating between the values n
and n - 1 measured by A. Assuming a constant angular velocity over the distance n - 1 to
n, the difference in time, Tdur, measured between TIA and TIB will bear the same

percentage relationship to the line to line time TIB- Tnm as %bears to the encoder grating
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line spacing, m - (n » 1). This allows %to be found. 0 is then given by the relationship

shown in equation 10.

9- n-x (10)

The above algorithm is a simple interpolation between two points. This is the method
which has been used as the basis for the experimental processing software. To increase the
margin of accuracy interpolation could be performed between a greater number of points
using more complex methods. In the experiments which have been conducted as part of
this research the accuracy of the simple algorithm has proven sufficient for the system to be

evaluated.
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Chapter 4

The Initial Experimental Investigation
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4. The initial experimental investigation

This chapter details the first stage of the experimental investigation into the application of
the IME to the condition monitoring of rolling element bearings. The aim of this initial
investigation was to determine the extent to which conventional approaches to bearing
monitoring could be applied to the signal produced by the IME. The chapter’s first section
describes the form of the signal produced by the experimental IME system. Next the result
of a simple experiment conducted to test the response of this signal to actual bearing
condition is presented. The remainder of the chapter explains how the analysis of the IME
signal from a bearing with an induced defect was conducted. The chapter ends with the
conclusion, drawn from this analysis, that a model needed to be developed to explain the

response ofthe IME signal so that an interpretation method for could be devised for it.

4.1 The form of the IME signal

Chapter 3 described how the theory of the IME predicts that shaft centre position can be
derived from angular measurements recorded as time base interpolated counter values.
This section examines the initial results from the experimental IME system which showed

for the first time what the signal from this new device actually looked like.

Figure 35 is an example of a set of displacement traces calculated from a data file collected
at the start of the investigation. This figure is a screen capture from the display of the data
analysis program. The top trace is from the vertical measurement direction, the horizontal
measurement direction is at the bottom. The y axis of each trace measures shaft centre

displacement in microns. The X axis in both cases is angular displacement from 0 to 27 in
1024 increments. The data shown came from a single rotation of a tightly adjusted RHP
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FILENAME /DISKO/users/stafl/kaa/analyso/7202tight/01.dat
X zero 0. Rotation 1 of 20. 1024 data points. Speed 263.15 rpm. Pseudo sampling 4.832 kHz.

15.0 -f

-25.0 -

0.5 PI 1.5 PI

Raw Displmnt 1 in un> plotted against polo position. 4.0 std dev's on Y axis.

-20.0 -

0.0 PI 1.5 PI

Raw Displrant 2 in urn. plotted against pole position. 4.0 std dev's on Y axis.

Figure 35. Displacement in two dimensions measured by the IME.

7202 BETN 40° angular contact bearing rotating at 280 rpm. These traces illustrate the
general form of the signal that the sensor produces. The wave form from each axis of the

sensor is sinusoidal, with a 90° degree phase difference between the two signals.

Each trace is composed of 1024 individual data points. Each data point on the two
channels is the result of interpolation between a pair of timer counter values from each
opposing read head pair. This results in one displacement value per grating line for each
channel. As there are 1024 lines on the disk of the experimental IME, 1024 displacement
values are calculated on each channel for each rotation. The angular increment between
each value is equal while the time interval is variable. This is a principal difference between

this type of data, its subsequent analysis, and the conventional method of sampling data at
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equal time intervals. Since the timer counter values provide a continuous time record it is
possible to resample the data to derive the displacement at equal time intervals. However
this would result in the loss of the inherent angular position information. Consequently it
has been regarded as advantageous to look at the sensor data in terms of equal intervals of

angular displacement as in figure 35.

The sinusoidal form of the signals can be explained from the constaiction of the device with
reference to figure 36. The centre of the encoder disk, X, is not expected to coincide with
the actual centre of the shaft rotation, R. The point tracked by the sensor is the nominal
centre of the encoder disk, determined by the grating lines, orbiting around the actual centre
of rotation. Each axis of measurement records this motion as a sinusoid. When plotted
against one another, read heads C-D on the y axis, A-B on the x axis, the circular trace

shown in figure 37 is produced. This orbit represents the motion of point X.

The motion of the centre of the disk will be modified by the motion of the centre of
rotation. Changes in the displacement of the rotational centre Ax, Ay are recorded by
directly related motion of the encoder trace. The sensor measures this displacement relative
to the zero position indicated by the intersection of the diameters joining the read heads, X".
The distance between the centre of rotation and the centre of the disk is the eccentricity e.

In this example of simple motion the eccentricity is the radius of the disk centre orbit. Here

the terms shaft centre and centre of rotation are used interchangeably.

81



Vit 1 lv

—
—

Al
Figure 36. The relationship between the encoder disk centre,
the centre of shaft rotation and the signal produced.
At this stage, when the model for the signal had been established, sources of possible error
could be predicted. These were errors due to the devices method of operation, rather than
those specifically due to the hardware used for this implementation. The first phase of

analysis, before any experimental work, was to develop an initial method of signal

processing to account for these errors.

The position indicated as the centre of the encoder disk might be subject to change during a
rotation due to changes in grating line spacing. Fluctuations in speed will also cause a loss
of accuracy in the position indicated as the number of available interpolation steps will
decrease and effectively increase the quantisation of the data points. Any effect the disk has
on the data will be cyclical. The same error will occur at the same point on successive

rotations. The IME is unique in that each data point has an angular displacement position
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Figure 37. Displacement values in microns from the two axes of
measurement plotted against each other for a single rotation.

associated with it. This means that the displacement value for exactly the same angular

position on successive revolutions can be compared.

If the centre of rotation were fixed in the x-y plane then the orbit recorded by the sensor
would be a perfect circle except for deviations caused where the displacement values were
modified by disk errors or speed fluctuations. By averaging the measurement at each

angular position a reference value can be established for each position that accounts for any
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repeated error. The rotation shown in figure 37 is the first of a data set consisting of
twenty similar rotations. Figure 38 shows the traces for all twenty rotations overlaid. The
traces show a high degree of coincidence. Points from the same angular position plot

within ~1 jam for the same angular position. For angular position n, which can be any one

of'the 1024 positions in the rotation the average displacement d, over twenty rotations for
that position, AVEdn, is given by:
AVEdn = din + d2n + d3n ... d20n/ 20

Where dXn is the value at position n on rotation X.

The 1024 average measurements will each define a zero position for the associated angular
position. Assuming a fixed centre of rotation subtracting this average value from the values
recorded at this point on each rotation will give zero. This is equivalent to subtracting the
value of the eccentricity e, shown in figure 36. Removing this average from the
displacement leaves the displacement of the shaft centre relative to its average position. For
real data this is an approximation since it has been observed that actual bearings give a
variable motion of the shaft centre due to different ball or roller diameters as successive
elements pass through the load zone. For this reason the traces in figure 38 are not exactly

coincident while the shape of successive traces is similar.

Subtracting the average displacement value for each angular position from the displacement
data points in the two traces shown in figure 35 gives a trace of the displacement of the
shaft centre. This is shown in figure 39. This signal is referred to as smoothed

displacement since the irregular sinusoidal waveform has been smoothed out. Plotting
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Figure 38. Displacement traces for 20 rotations overlaid to show degree of coincidence.

these traces against one another produces a plot showing the motion of the centre of

rotation in two dimensions. An example of this motion is shown in figure 40.

Other methods have been considered to remove the average sinusoid from the displacement
data. In particular generating sine waves and subtracting these from the displacement data
has been investigated. The results of this method have not been found to give better results

than the simple averaging method described above. The average sinusoid is not a perfect
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sine wave as it contains systematic errors due to imperfections of the encoder disk.

waves generated to fit the data do not take these errors into account.

FILENAME /DISK O /users/staff/kaa/analyse/7202tight/01.dat
X zero 0. Rotation 1 of 20. 1024 data points. Speed 203.15 rpin. Pseudo sampling 4.832 kHz.

> PI 0.5 PI Pi 1.5 PI

Raw Smoothed Displmt 1 in urn. plottod against pole position. 6.0 std dev's on Y axis.

coBboocoocoocoe o

0.0 PI 0.5 PI Pi 1.5

Raw Smoothed Displmt 2 in inn. plottod against polo position. 6.0 std dov's on Y axis,

Figure 39. Removal ofthe average sinusoid from the traces in figure 35
produces these traces showing the motion of the centre of rotation.
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Figure 40. Combined plot of the two traces in figure 39 showing the motion
of the centre of rotation in two dimensions. Scales in microns.
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4.2 Shaft movement experiment

The data presented so far in this chapter has come from an angular contact bearing with the
inner race tightly adjusted. By changing the relative position of the inner and outer races of
an angular contact bearing it is possible to increase the amount of freedom between the
balls and the outer race. This effect was used as a way to perform an initial test of the
IME’s ability to detect changes in bearing condition. This test simulated the possible
condition of a badly adjusted or grossly worn bearing. When the IME was used to monitor
this condition, its output produced a very interesting set of results which revealed
phenomena, which from the literature surveyed, have not been seen previously with this

level of detail from rolling element bearings.

Figure 41 shows the braided net-like pattern produced when 14 successive traces from the
loosened bearing rotating at 300 rpm are overlaid. The x and y axes are displacement in
microns as before. With close examination, it is clear that this pattern is formed from 7

distinct paths traced by the shaft centre on successive rotations, each repeated twice.

Figure 42 shows how the first seven rotations build up to give the pattern shown in figure
41. From the top left of the figure, showing the first two rotations, to the bottom left,
showing the pattern given by the first six, the area circled shows the starting and ending
points of the pattern. The pattern is clearly incomplete. In the bottom right of the figure
the complete pattern built up by seven rotations is shown. In this case the pattern is closed,
indicating that after the seventh rotation the internal elements of the bearing have returned
to their starting positions. The pattern then repeats in the same way over the next seven

rotations to give the complete pattern in figure 41.
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Figure 41. Displacement traces from 14 rotations of a loosely adjusted angular contact bearing.

The interpretation of this, and similar results, is that each path taken by the displacement
traces represents a particular set of positions taken up by the bearing} internal elements
during each rotation. Using equation 2, explained in section 2.3.1, the number of rolling
elements which pass any point on the inner race during a rotation can be calculated from
the internal dimensions of the bearing elements. In the case of the 7202 BETN bearing
used for the above experiment this number is 6.57. The number of rotations taken for all

the rolling elements to return to any given initial position with respect to the inner race will
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Figure 42. The pattern in figure 41 is built up by separate displacement traces over 7 successive rotations.
The circled area highlights the beginning and end of each trace showing how the pattern returns to the
same point at the end of the seventh rotation.
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be the first whole multiplier of 6.57. Calculation shows this to be seven. This directly
confirmed the observation made experimentally from the IME displacement traces. The
coincident parts of all the traces are likely to be the points at which the shaft’s motion is

naturally constrained by its weight and the influence ofthe rest of'the rig.

At higher speeds complex motion of the shaft centre can be observed within a single
rotation of the loosely adjusted bearing. An example of this data is shown in figure 43, a
single rotation monitored at 630 rpm. The IME has clearly been able to follow the skips
and bounces of the shaft centre after the inner race and rolling elements strike the outer
race. The displacement trace shows the acceleration of the shaft centre as increased
distance between data points. As might be expected, as the centrifugal forces increase with
rotational speed, the degree of motion increases and the patterns become increasingly less

regular until the paths followed appear essentially random.

The significance of these results to the project was the fact that they clearly showed that the
IME system was capable of resolving changes in the state of a bearing from the motion of a
shaft. This was the first proof that the theory of the IME correctly predicted the
performance of the experimental sensor system. The resolution of the results was
particularly important. The data points of the displacement traces recorded during this
series of experiments were clearly directly related to each other and free from any error or
fuzziness which might have been due to calculation or data collection errors. As can be
seen the data points lie so closely together that they look like a single line. In figure 43 the

motion has clearly been followed as the shaft centre has accelerated.
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Figure 43. Complex shaft motion from a loosely adjusted angular contact bearing.

Detailed treatment of these results from the angular contact bearing was not carried out as
the main aim of the project was to establish the ability of the system to resolve bearing
defects. A decision was taken to concentrate on the obvious relative accuracy of the
experimental sensor rather than attempting to quantify its absolute accuracy. The degree to

which 1(Ltm measured by the sensor actually corresponded to 1pm of shaft motion could

not be investigated within the scope of this project. Suitable equipment was not available
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to measure these tolerances independently. Such an investigation could offer an interesting

direction for future work.

4.3 Initial bearing defect experiments

The methodology adopted for the conduct of the initial set of bearing defect experiments
was based upon examples of other work taken from the literature read in support of the
project. Most of the literature surveyed had presented the spectral analysis of bearing
vibration as the main conventional method of bearing condition monitoring. Using the
equations given in section 2.3.1 the frequencies in a vibration signal’ frequency spectrum
can be related to defective bearing components. The IME signal is totally different from
that obtained from a case mounted velocity pick-up or accelerometer using the high
frequency resonance technique or a similar process. However, since the IME monitors the
same basic process, bearing rotation, it was expected that the same information could be
extracted from its signal. Defining the method of this extraction was the aim of the
experimentation and was expected to constitute a fundamental part of the project. The
initial approach adopted was to use conventional frequency analysis techniques on the

signal to see ifthe calculated defect frequency was present.

For the initial bearing defect experiment SKF NJ202 single row roller bearings were used.

As well as being the size required to fit the experimental rig, the inner race could be freely
removed from this type of bearing. This allowed a defect to be made relatively easily on the
inner race of the bearing. This defect was produced by grinding a ~Imm flat diagonally
across ~5mm of the bearing’ inner race. A defect of this size was obviously far larger than

any normally occurring bearing defect would be. A large defect was used as the aim of this
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initial experiment was to investigate the ability of the IME to detect the presence of a defect

and it was not known what the lower limit of the IME§ sensitivity would be.

An unmarked bearing of the same type was used as a reference for comparison with the
marked bearing. In retrospect this was not the best way to arrange the experiment as it
would have been better to have looked at the bearing to be tested before it was marked and

then compared the results obtained.

4.3.1 Comparative accelerometer experiments

To provide a comparison for the results expected from the IME, a pair of accelerometers
were used to obtain vibration signals from the experimental rig in the conventional manner.
Unfortunately it was not possible to collect this data at the same time as data from the IME
since both sets of experimental equipment could not be brought together in the same
location. Figure 44 shows the positioning of these accelerometers on the experimental rig
and their relationship to the IME3% channels. Accelerometer signals were collected and
examined from both the marked and unmarked bearings using a spectrum analyser. The
bearings were run at very close to a constant speed. This allowed the position the
characteristic bearing frequencies should occupy in the frequency spectrum to be
calculated. These frequencies in Hertz and in cycles per rotation are shown in table 3. As
the IME records data at constant angular intervals the frequency in terms of the rotation is
used. This allows the identification of cyclic events which occur relative to the same point
on each rotation which give integer frequencies. These differ from events related to the

bearing elements which give non-integer frequencies.
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Channel 1

Channel 2

Figure 44. Accelerometer placement on the bearing test pillar of experimental rig.

Table 3

Calculated defect frequencies for an NJ202 bearing rotating at 2650 rpm, 44.1 Hz.

Defect type Frequency Frequency in cycles per
rotation

Inner race defect 296 Hz 6.72

Outer race defect 189 Hz 4.28

Rolling element defect 191 Hz 4.29

Cage defect 17.22 Hz 0.39

Figure 45 is an example of the signal produced by the accelerometer monitoring the y axis
of the marked bearing seen in the time domain. The figure is taken from the screen of the
spectrum analyser. Although it is possible to discern definite impulsive components in this
waveform, not seen from the unmarked bearing, relating these to the calculated bearing

defect frequencies proved impossible. In the time domain no obvious regularity could be
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SETUP
00:23:31 CH A 1KHZ

0 AT .390m SEC .80000

Figure 45. Time domain accelerometer signal recorded from the y axis of the marked bearing.

observed in the signal. Attempts were made to fit time intervals corresponding to the
calculated frequencies between the impulses seen in the signal. These failed and, in the time

domain at least, the signal appeared

An example of the frequency spectra of the accelerometer signals recorded from the
marked bearing is shown in figure 46. The upper spectrum is from the x axis with the y
axis below. In the case of the frequency domain, although distinct peaks were seen in the
spectra, no precise relationship could be made between the data and the calculated
frequency for an inner race defect, around 296 Hz. There were peaks which seemed to
correspond to the outer race and rolling element defect frequencies between 180 and 200
Hz, but these seemed no more distinct than others whose origin could not be linked to any
part of the bearing. The main cursor asterisk in both traces is at 333.75 Hz. The prominent
peak at this frequency lies outside the range of the frequencies expected from the bearing.
In figure 46 the only peak that could be conclusively explained appeared at around 44 Hz

which was the frequency of the shaft’ rotation.
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SETUP @RP SPEC DUAL VW 80DB M AC FR 1KHZ
01:35: 45 DG +1QDB

LOB

-90
0 LNX1 BASE fiF 1.250 HZ 1000.0

-10
DB

LOG
i¥- & Vv

-90
0 NORM LNX1 BASE AF 1,250 HZ 1000.9Q
333.75 HZ A:-52.7 C -47.1 DB SPEC EXP N 100

Figure 46. Accelerometer frequency spectra recorded from the marked bearing, x axis top, y axis bottom.

The frequency spectra of the signal from the good bearing, figure 47, were dominated by
harmonics of the frequency of rotation, in this case 42.5 Hz. The asterisks in figure 47
indicate the harmonics of this frequency. All the peaks in the frequency range from 16 -
285 Hz, where the bearing element frequencies would be expected, appeared to be
harmonics. The shape of these traces, with their relatively widely spaced harmonics, differs
from those seen from the marked bearing where there appeal's to be a much more closely

spaced harmonic.

While the form of the signals from the two bearings was observed to be different, a lack of

experience in interpreting data of this type meant that it was not possible to accurately
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Figure 47. Accelerometer frequency spectra recorded from the unmarked bearing, x axis top, y axis bottom.

determine the source of these differences. In particular in the tests that were conducted it
was not possible for the marked bearing to be readily identified as such from ity frequency
spectrum. It was not possible to draw a clear conclusion from this set of experiments. It
had been hoped that a clear frequency or set of frequencies would be identified that could

be used as a target for the subsequent investigation with the IME.

4.3.2 IME signal analysis: unmarked bearing

The initial approach taken to the analysis of the IME signal was based on the published

results of work by Philips [54] with an experimental fibre optic based proximity sensor,
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described in section 2.2.1.3. Since this device monitored displacement within a bearing

directly it was considered that its output signal would be resembled by that of the IME.

Figure 49, reproduced from Philips’ paper, shows an example of this displacement signal,
taken from a bearing in good condition. Each cycle in the waveform results from the
flexure of the bearings outer race when loaded by one of the bearing’ rolling elements.

Philips describes how the character of this waveform is determined by the surface finish of
the raceways and balls as well as their diameter variations. The presence of a defect on one
of these surfaces was shown to produce a distinct discontinuity or spike in the displacement

signal, illustrated in figure 48.

Figure 49. Ball passing waveform measured at the Figure 48. Ball passing waveform from a defective
outer race of an undamaged bearing by a fibre optic bearing showing the spike associated with a
proximity sensor [54]. damaged ball [54].

The shaft centre motion monitored by the IME was expected to show a similar relationship
to the passage of individual balls or rollers between the races during each rotation. This
motion was expected to be at the frequency characteristic of the bearing and to be modified
by the presence of a defect on any part of the bearing. The experimental analysis of the

IME signal began on this basis.
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The two variables in the initial experimental conditions were loading and rotational speed.
In a small number of the initial set of tests, a flywheel was used to add some radial load to
the experimental system. Experiments were conducted at rotational speeds between 300
and 3000 tpm. Although differences were noted in the resulting signal from the IME at
different speeds, these were primarily changes in the shape of the trace. These changes
were ascribed to centrifugal effects on the rolling elements of the bearing. The main

conclusion drawn from this set of experiments was found to be independent of speed.

Although load was found to be a factor in the results the small load represented by the
flywheel did not make a noticeable difference. The NJ202 bearings used were rated up to
9800Kg. The load from the flywheel did not exceed 2Kg. The primary reason for its use
was to increase the experimental rigd moment of inertia to limit the possibility angular

vibration affecting the results.

Figure 50 is an example of displacement in the vertical axis measured by the IME during a

single rotation of the unmarked bearing. Although some information can be gained from

FILENRHE /DISK O /users/staff/kaa/analyse/202_ok/02head.dat
X zero 0. Rotation 1 of 10. 1024 data points. Speed 570.92 rpm. Pseudo sampling 9.800 kHz.

-10.00

-20.00

0.0PI 0.5 PI 2 PI

Raw Displmnt 1 in um. plotted against pole position. 4.0 std dev's on Y axis.

Figure 50. A typical displacement trace for a single rotation measured
in the vertical axis from the unmarked NJ202 bearing at 578 rpm.
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FILENAME /DISK O /users/staff/kaa/analyse/20Z_ok/02head.dat

X zero 0. Rotation 1 of 10. 1024 data points. Speed 578.92 rpm. Pseudo sampling 9.800 kHz.
1.00 -
0.80 - - 7 \
0.60 -
0.40 -
0.20 - v omy N \
0.00 - v V-
-0.20 -
-0.40 -
-0.60 -
-0.80 -
-1.00 - v V¥ V~’_

1 ] .
0.0 PI 0.5 PI PI 1.51P1 2
Raw Smoothed DIsplmt 1 in urn. plotted against pole position. 4.0 std dev's on Y axis.

Figure 51. The smoothed displacement calculated from the displacement trace in figure 50.
this raw sinusoidal signal, identifying shaft centre motion requires the removal the
calculated average value for each angular position. This process results in the smoothed

displacement trace in figure 51.

The picture of shaft centre motion that emerged from the smoothed displacement traces
revealed a pattern similar to that which was expected with one important difference. The
series of peaks and troughs in figure 51 with their irregular sinusoidal shape and
approximately even frequency are strongly suggestive of the ball passing frequency pattern
in figure 49. The consistency with which patterns similar to this were seen in the IME
signals indicated that they were related to the motion of the internal elements of the bearing.
From the bearing frequency equations 6.72 cycles per rotation are to be expected from the
passing of the rollers of an NJ202 bearing relative to its inner race. In this example there
are clearly five cycles in the trace. In all the experiments conducted with the unmarked
bearing the IME showed between approximately 4.5 and 5.5 cycles per rotation in the
smoothed displacement signal. The cycles varied in the degree to which they were
pronounced, both between rotations recorded at different times and within the same set of

rotations.

101



The analysis and display program contained a library of digital signal processing algorithms.
The FFT was used extensively to generate frequency spectra from the IME signal.
Applying this technique to the data shown in figure 51 produced the spectra shown in
figure 52. This is typical of the results produced in the initial stage of the data analysis.
Spectra such as these did not produce a definite result proving that the IME signal was

related to any of'the frequencies in table 3 as they were understood at the time.

0,125
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Figure 52. An example of the frequency spectrum derived from the
smoothed displacement measured from the unmarked bearing.

4.3.3 IME signal analysis: marked bearing

In contrast to the lack of a clearly definable signal component from the unmarked bearing,
the IME signal from the marked bearing showed that the sensor was able to clearly able to
detect the induced defect. Figure 54 shows an example of the signal as it was initially
recorded from the marked bearing. The overall shape of the signal is still sinusoidal,
however a sharp impulse is clearly visible in the trace. Another feature of the signal from

the marked bearing was the higher frequency component visible to the right of the impulse.
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FILENAME /DISKO/users/staff/kaa/analysQ/202_bad/02head. dat
X zero 0. Rotation 1 of 10. 1024 data points. Speed 588.02 rpm. Pseudo sampling 10.036 kHz.
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Figure 54. The y axis displacement measured by the IME from a single rotation
of marked NJ202 bearing showing the position of the impulse due to the damage.

The smoothed displacement in figure 53 shows this clearly. It can also be seen that this
frequency is superimposed on the waveform with the frequency of approximately 4.5 times

per revolution also seen from the unmarked bearing.

FILEHAME /DISK O /users/staff/kaa/analyse/202_bad/02head.dat
X zero 0. Rotation 1 of 10. 1024 data points. Speed 588.02 cpn. Psoudo sampling 10.036 kHz.
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Figure 53. Smoothed displacement measured from the bearing with a defect.

The interpretation placed on these results was that the impulse, caused by the defect,

resulted in a response from the shaft-bearing system which manifested itself as the higher

frequency.
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The first part ofthis interpretation was tested by changing the position of the defect relative
to the disk. As the start of data collection was synchronised with one point on the disk, if
the impulse were related to the defect it would occur at a different angular position in each
rotation. In a set of four experiments the defect on the inner race of the bearing was
positioned at 0°, 90° 180° and 270° offsets to the once per revolution marker on the
encoder disk. In each case the impulse was observed to shift angular position in the
displacement trace. Figure 55 illustrates the experiment. The defect is shown offset 180°
from the once per revolution marker with the shaft rotating anti-clockwise. The IME
system starts recording data when the once per revolution marker is in the 9 o’clock

position. It will rotate 270° degrees before the defect enters the bearing’s load zone. The

smoothed displacement trace in figure 55 shows that the impulse occurred at the position

Inner Race

showing
. . location of ,
Direction damage,
size approx.
rotation PP
Once /
per rev Encoder
marker disk Serew Collar

Load Zone

X zero 18432. Rotation 19 0f24.1024 data points. Speed 926.04 rpm. Pseudo sampling 15.804 kHz.
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Figure 55. Position of defect relative to angular position of impulse in the smoothed displacement trace.
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predicted.

In the course of the project this was a more important experimental result than was
immediately realised. For the first time it had been shown that the IME system was
definitely able to resolve a bearing defect from shaft motion. The key fact however was
that the bearing defect created an impulse in the displacement signal. This impulse was
related to the passage ofthe defect through the load zone of'the bearing. It did not occur at
the characteristic inner race defect frequency. For this to have happened an impulse would
have to have been generated each time the defect passed a roller. Although there are some
peaks in the smoothed displacement trace, for example those shown numbered in figure 55,

these did not occur consistently in the way the impulse did.

4.3.4 Shaft impulse response experiment

Despite the lack of a clear defect frequency the focus of experimentation remained on
detecting specific frequencies within the displacement signal. The impulse due to the
bearing defect clearly excited a resonant response in the shaft. It was reasoned that exciting
the shaft externally should produce a similar response. A small plastic hammer was used to
produce a sharp, impulsive, blow to the shaft of the experimental rig as close a possible to
the IME disk. The shaft was supported by the unmarked bearing. Figure 56 shows an
example of'the response of the shaft displacement to this event. The top trace, channel 1, is
from the vertical axis, the lower trace, channel 2, is from the horizontal. Both traces clearly
show how the shaft is displaced by the initial impact of the hammer blow followed by a
period of damped oscillation. The frequency of this oscillation can be compared with that

shown in figures 54 and 53, examples from the defect impulse. Note also how the
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Haw Smoothed Displmt 1 in mi. plotted against pole position. 50.0 std dav's on Y axis.
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Figure 56. Displacement traces showing the response
ofthe shaft to a short, sharp, impulsive hammer blow.

oscillation seen in figure 54, although very much less pronounced, dies away in a similar

manner suggesting a damped response.

Plotting the displacement traces from this set of experiments against each other gave further
evidence that the IME signal provided a correct picture of shaft motion. In each of the
hammer blow experiments the direction of the blow was different. The shaft was struck

from directly above, from the horizontal and at 45° to the horizontal on both sides. The

aim of this was to see ifthe direction ofthe blow could be measured accurately by the IME.
In all cases the orbit plot produced by combining the displacement data from the IME’s two
axes of measurement allowed the direction of the force applied by the hammer blow to be

accurate determined.
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Figure 57 is an example of the orbit plot from the one of these experiments. It is formed
from the displacement data in figure 56. In this case the hammer blow was directed against

the shaft from the right of the rig at 45° to the horizontal. The orbit plot clearly shows the

motion of'the shaft’s response to this blow as it moves sharply away to the lower left. Note
how the position of each displacement point can be seen as an extending smooth curve
which turns over on itself before retracing to the point where the blow was struck. As the
displacement points move into the lower left portion of the graph they become closer

together. As they move back, the points become more widely spaced again until they move
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Figure 57. The impulse response of the shaft in two dimensions.
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beyond the point at which the blow was struck. The reverse then happens with the points
becoming closer together as the trace extends into the upper right portion of the graph.

The distance between each point is a measure of the displacement of the shaft centre in
each angular measurement interval. As the shaft centre accelerates it is displaced more in
each angular interval so the measured points are further apart. The pattern observed is
therefore consistent with the pattern of acceleration which would be expected from the

simple harmonic motion ofthe shaft vibration.

If the bearing defect were exciting the shaft in the same manner as the hammer blow the
frequency at which the shaft responded to the two events should be similar. After the
displacement traces from the hammer blows had been studied, frequency spectra were

generated. These were compared with spectra from the marked bearing.

Figure 58 is an example of the frequency spectra obtained from the marked bearing. The
frequency range in the figure, from 0 to 8 cycles per rotation, is the range in which the
bearing defect frequency should lie. As has been explained no features were identified
which could be used to differentiate spectra like this from spectra produced by the

unmarked bearing, figure 52.

When the spectra from the impulse response experiments were studied they showed that
the frequency of the shaft’s response lay outside the range expected for bearing defects.

Figure 59 shows the FFT produced from the IME data file of which figure 56 was a part.
When this data was studied, two features immediately stood out. The impulse response of

the shaft has produced a large, broad, peak between 26 and 34 cycles per revolution. The



Smoothed Displmt 1 in un* Real fft

R 0*200 .
M

S
p O¥150 .
0

E 0%100 .
R

0*000
1*0 .0

Smoothed Displmt 2 in um* Real fft

0*0 1*0 6*0 8*5
FREQUENCY CYAES / REV

Figure 58. Typical smoothed displacement frequency spectra from both
measurement axes of the IME monitoring the marked bearing.

overall spectra is also more energetic. Compare the rms power level across the frequency
range in figure 59 with the level across the same frequency range from the defective
bearing, shown in figure 60. The response to the impulse is not a sine wave, but simple
harmonic motion in which the frequency and amplitude change from a maxima to zero.

The increased rms level represents this decreasing impulse as the energy spreads out across

the frequency range.

The small peak in the spectra from the defective bearing in the same region as the large
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Figure 59. Frequency spectra resulting for the shaft impulse response experiment

peak from the impulse test suggests that the defect is exciting the same impulse response, as

was initially deduced.

It was concluded at the end of the shaft response experiments that the IME was able to
detect the motion of the shaft due to the effect of the test defect. This motion took the
form of a sharp impulsive acceleration of the shaft centre which was caused the shaft to
oscillate. The oscillation decayed away over approximately one rotation. It was thought

that the frequency of the impulse response would be the indicator of the defect and that this
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Figure 60. Increasing the scale ofthe frequency spectra in figure 58 shows a small peak between
34 and 36 cycles per revolution above the frequency range expected for bearing defects.

frequency could be identified from a frequency spectrum. Subsequent work was based
around these conclusions. Essentially this meant that frequency analysis became the main
tool used in trying to interpret the signals with the emphasis placed on the region between

26 and 34 cycles per rotation.

The problem with this approach was that it was based on detecting the effect of the impulse
rather than the impulse itself. In practice almost all attempts to classify the peaks of the

frequency spectrum into two classes failed. Some differences seemed to come from the

111



way the rig was adjusted. The retaining screw pressure on the outer race and misalignment
of the shaft relative to the bearing test pillar both affected the shape of the displacement
signal and hence its frequency spectrum. The main conclusion drawn from the observations
made was that there was not a clearly visible difference between the frequency spectra from

the unmarked and the marked bearing.

On one occasion it seemed that in a series of tests that the ball passing waveform was
clearly present. A paper was written based on this set of results [82]. An example of the
waveform is shown in figure 61. This smoothed displacement signal from the sensor was
similar to that described as due to ball passing in other experimental work involving novel

displacement sensors [54,57].

FILENAME /DISK O /usors/staff/kaa/analyse/test.22

X zero 8192. Rotation 9 of 25. 1024 data points. Speed 2681.41 rpm. Pseudo sampling 45.763 kHz.
0.0 PI 0.5 PI PI 1.5 PI
Raw Smoothed Displmt 1 in um. plotted against pole position. 4.0 std dav's on V axis.

Figure 61. Smoothed displacement trace from defective bearing showing a
frequency at 7.5 times per rotation thought to be the ball passing frequency.

The frequency spectra of this set of results all showed that this frequency agreed exactly
with that calculated from equation 2. An example of this is shown in figure 62. The

explanation of this is complicated by the fact that the dimensions used to calculate this
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Figure 62. Frequency spectrum of smoothed displacement signal showing
a peak at the position calculated for the inner race defect frequency.

frequency which were supplied by a bearing manufacturer were incorrect. The value given
by these dimensions was equivalent to 7.5 cycles per revolution. The correct figure for the
frequency given by an inner race defect was 6.7 cycles per revolution for a bearing of this
type. Although allowing for slippage, 7.5 is quite close to the calculated figure, this still
does not explain the way that this set of 8 data files recorded this frequency when others
before and after did not. The reason thought likely to account for this is the adjustment of

the rig which may have placed a load in a different position for this set of data.

4.4 Initial experimental conclusions

At the end of the initial set of experiments described in this chapter it was concluded that
while the IME was able to detect changes in displacement related to bearing condition,
there was no clear interpretation framework for the sensor signal. The hypothesis that the
ball passing frequency would be easily detectable had not been proven. Instead it had been

shown that this frequency was almost never present in the IME signal.
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The failure to be able to consistently repeat the results shown in figures 61 and 62 and the
overall failure of frequency analysis to provide a clear differentiation between the marked
and unmarked bearings led to further research into the conventional methods of bearing
condition monitoring. The aim was to look at the models used to explain the form of
signals from conventional sensors and then develop a similar model for the IME which

would predict where and in what form the presence of a defect could be detected.
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Chapter 5
Creation of a model to explain the effect

of a bearing defect on the IME signal
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S. Creation of a model to explain the effect of a bearing defect on the IME signal

5.1 Introduction

Chapter 4 explained the nature of the IME signal and described how initial experiments
had shown that it could be directly related to shaft motion. These experiments had not
been able to show the expected relationship between the sensor signal and an induced
bearing defect. This chapter describes how a model to explain the effect of a bearing
defect on the IME signal was developed based on the initial experimentation and
published work of other researchers in this field. The experiments used to test this

model are then presented.

5.2 The McFadden and Smith model for single defect bearing vibration

The starting point for the development of a model to explain the IME signal was an
examination of work done by McFadden and Smith. They set out to explain the
frequency spectra from bearings monitored by accelerometers using the HFRT. For a
description of the HFRT see section 2.3.2.7. In a review of the HFRT McFadden and
Smith concluded that the method of obtaining a vibration spectrum from an
accelerometer was well established, but that the understanding of the spectrum
remained strictly limited [60]. In order to provide the increased understanding
required, they developed a model to describe the vibration produced by a single point
defect on the inner race of a bearing operating under constant radial load [64]. This
model incorporates the effects of the load distribution in the bearing, the motion of the

rolling elements, the variations in the transfer function and the decay of the resonances
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excited by the defect. This model was subsequently extended to describe the vibration

caused by multiple point defects |65].

The feature of their model relevant to the IME sensor is the use of the load zone to
redefine the frequencies expected from a defective bearing. The geometrically based
defect frequency equations given in section 2.3.1 and used in the interpretation of
vibration spectra from accelerometers are only directly applicable when the bearing is
subject to a unit load distributed evenly about its whole circumference. This condition
applies to axially loaded thrust bearings, but not to radially loaded deep groove ball
bearings or roller bearings. The model treats the vibration produced by the impact of a
single point defect with another bearing surface as an impulse, represented by the
impulse function 8(f). The severity of the defect is represented by multiplying the
impulse function by the constant dQ The frequency of the impulses is determined by
the location of the defect. For an inner race defect this frequency, fd is given by
equation 2. Figure 63(a) shows how the vibration due to the defect is modelled as a
series of impulses of amplitude d0 extending to infinity in both directions from any

point in time with a separation, 7d which is the reciprocal of the frequency f'd

The fourier transform of an infinite series of impulses is also an infinite series of

impulses. Figure 63(b) shows this series of impulses of amplitude d( d extending to

infinity in both directions with a separation between the impulses equal tofd

For a radially loaded bearing the defect frequencies are modulated by the extent of the
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Figure 63. The impulses produced by an inner race defect under unit load.
(a) Time history; (b) spectrum [64].

load zone. Impulses are only generated when the bearing elements strike each other
under load. The greater the load, the greater the magnitude of the impulse. The
distribution of the load around the circumference of a rolling element bearing is defined

approximately by the Stribeck equation [64]:

q(9) = qall - (1/25)(lcos9)]"

¢0is the maximum load intensity, g(Q) is the load at angle 0, £ is the load distribution

factor and n - 3/2 for ball bearings and 10/9 for roller bearings. Onmx is the angle at
which ¢ becomes equal to zero defining the angular extent of the load zone. The terms

q0 e and Omx are all functions of the diametral clearance of the bearing and the applied
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Figure 64. The load distribution in a bearing under radial load [64].

load. For a bearing with positive clearance, e < 0.5 and oimx< tc/2. In this case the

load distribution is of the form shown in figure 64.

If the inner race of a bearing is rotating at a constant speed f's revolutions per second,

then the instantaneous load at a point on the inner race as a function of time, ¢(?), is

obtained by substituting 2Kfst for 0 in equation 11 which results in equation 12.

q, \! - (1/2e)(l €0
0 elsewhere

The function ¢(?), is periodic as a given point on the inner race of the bearing will pass
through the load zone with each revolution of the shaft. Figure 65 shows this function
as a series of load curves extending to infinity in both directions from any point in time.
The load curves in this illustration are idealised as semi-circles. In actuality their form

is determined by the Stribeck equation. The separation of the centre of each load
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Figure 65. The time history of the load on the inner race of a bearing under a radial load [ 64].

distribution curve is equal to the period Ts, the reciprocal of the shaft rotation

frequency f's

If it is assumed that the amplitude of the impulse caused by a defect is proportional to
the load on the rolling element when it strikes the defect then the amplitude of the
impulses is given by multiplying the amplitude under unit load d(?) by the actual load
distribution ¢(¢). Figure 66 illustrates the product d(¢)q(t) graphically. The frequency
of d(t) is not necessarily an integer multiple of the frequency ¢(?) as the relationship
between their frequencies is determined by the bearing geometry. Hence the pattern of
impulses produced by the product d(?)q(i) is different from one shaft revolution to the

next.

0 t

Figure 66. The time history of impulses produced by an inner race defect under a radial load. [ 64 |



lii their model McFadden and Smith went on to consider the effect of the vibration due
to the defect on the machine structure and its transmission to the accelerometer. As
the principal advantage of the IME is that the motion due to a defect is not required to
pass through the machine structure this part of their model was not directly applicable.
A model for the motion of the shaft centre due to a defect had to be developed to

replace it.

5.3 The application of the McFadden and Smith model to the IME

The McFadden and Smith model can be applied to the IME by substituting the
measurement of time with the measurement of angle. For a single inner race defect in
a bearing with a uniformly distributed unit load a number of impulses equal to the inner
race defect frequency will be produced at equal angular intervals during each shaft
rotation. The angular interval in radians between impulses, 0d, is given by equation 13.
Substituting the number of grating lines on the IME disk for 2z in equation 13 allows

the calculation of the distance between each impulse in the actual IME signal.

21
(13)

inner race defect’ffrequencjz7 1=

The function d(z) defined by McFadden and Smith is replaced for the IME by d(d),

shown graphically in figure 68.

The actual distribution ofload in a bearing is defined in angular terms in the McFadden

and Smith model, but converted with reference to time to calculate its effect on the
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Figure 68. The angular distribution of impulses produced by an inner race defect under unit load.

impulse frequency. For the IME the angular extent of the load zone can be used
directly since the Stribeck equation defines load as a function of angle. The load

distribution curves defined by this function are shown in figure 67.

q(0)

-n

Figure 67. Load as a function of angle for a point on the inner race of a bearing under a radial load.

The magnitude of the impulse produced by a defect is proportional to load. For the

IME the series of impulses produced under unit load d(Q) is multiplied by the actual
load distribution ¢(Q) to find the actual magnitude at any angular position. The result

of d(Q)q(d) is shown in figure 69.

By applying the McFadden and Smith model to the IME in this way it can be predicted
that the number of impulses the sensor would detect in each rotation will depend on

the angular extent of the load zone. The magnitude of each impulse will depend on the

122



tilt

Figure 69. The effect of angular load distribution on the magnitude
of impulses produced by an inner defect under a radial load.

position of the bearing elements between which the impulse was generated in the load
zone. The inner race defect frequency only accurately predicts the number of impulses
which would be generated from each shaft rotation in the case where £ = 1.0 and the

load zone extends throughout the complete circumference of the bearing. In other

cases the IME would record a number of impulses given by equation 14.

20

number of impulses = inner race defect frequency x 2max (14)

Having used the McFadden and Smith model to predict how many impulses the IME
should record in each rotation it was then necessary to develop a model for the motion

of the shaft centre in response to each impulse.

5.4 Motion of shaft centre due to an inner race defect
The causes of shaft centre motion can be divided between two sources. Those which
originate as a result of external systems to which the shaft is fixed, such as dynamic

imbalance of a flywheel or gear meshing, and those which are due to the relative
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motion of the bearing elements. In the development of this model only motion due to
the bearing elements is considered as this is the primary indicator of bearing condition.
However it will be shown that the model provides the ability for the two types of

motion to be discriminated on the basis of the angular interval of the signal.

For an undamaged bearing the motion of the shaft centre is due to the varying
distribution of the rolling elements in the load zone supporting the inner race as it
rotates. If the surfaces of the races and elements were perfect, shaft centre motion
would result purely from the changes in loading due to the combination of positions
that elements were able to take up in the load zone. The resulting differences in load
distribution would produce small, regular and repeating changes in the shaft centre
position as each rolling element passed through the maximum load position. In
practice the surface irregularities due to manufacturing errors of the bearing
components combine with the load distribution variation to produce more complex
motion which repeats over a longer period. These irregularities are of two types and
have different effects [59,83]. Surface finish errors, which take the form of a
roughening of the contact surfaces of the bearing, can be expected to cause random
motion of the shaft centre. Geometrical errors, which take the form of varying
diameter rolling elements and races with a waviness of a few cycles around the
circumference, will result in periodic motion of the shaft centre. This motion will
repeat over the number of rotations taken for the elements to return to any given initial

position relative to the load zone.

124



Investigation of the effect of these surface irregularities on the results of conventional
vibrational analysis has found that the vibration spectrum of a normal bearing can have
a similar pattern to that of a bearing with minor damage [59]. This occurs because an
irregularly shaped rolling element can excite the machine structure at the same
frequency as one with a defect. As the IME senses the motion of the bearing via the
shaft directly, these geometric irregularities present a lesser problem. The motion of
the shaft due to rounded surface irregularities is different to that expected from bearing

defects, which are generally angular.

Fatigue in the load zone between the elements and the races of a loaded bearing can
lead to loss of material from the bearing surfaces. Spall defects of this type produce
sharp sided pits on the bearing’s contact surfaces and angular particles contaminating
the bearing lubricant. In the initial stage of this type of bearing damage, spalls are
localised and most of the bearing’s contact surfaces remain undamaged. Following the
initial spalling, wear accumulates rapidly due to the damage caused by rolling surfaces
impacting the spalls and the freed particles. The angular nature of the spalls and debris
particles allows their effect on the motion of the shaft centre to be modelled as the
transition from a smooth surface, where the race-roller contact is undamaged, to an

irregular surface where damage has occurred.

Figure 70 is a diagram illustrating the model developed to predict the motion of the
shaft centre in response to an inner race spall. Defects in other locations can be treated
in a similar way. The size of the defect is exaggerated for clarity and the effect of

other elements on the depth of penetration is ignored. This model has been loosely
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based on an explanation of the shock pulse bearing monitoring method by Collacott
[4], In figure 70 D\ is the outside diameter of the inner race, Dreis the diameter of the
rolling element, nxis the rotational speed of the inner race, y is the depth of penetration
of rolling element into the spall, x is the width of the spall 4 - B, Vweis the velocity of
the rolling element at point of impact, 4 is the point on the edge of spall about which
the rolling element pivots, B is the point of impact between the rolling element and

inner race, R is the centre of rotation and ¢(Q) is the load acting through point B.

The model assumes that from supporting the inner race’s undamaged surface a rolling
element will rotate around point A into the spall as the inner race pivots down to
impact on the element at point B. The force of this impact is determined by the
velocity of the rolling element at the point of impact, Vie, and the load acting through

that point #(0). The magnitude of g(Q) is dependent on the angular position of B in the

load zone. It is this impact which generates the stress wave that propagates as an
impulsive vibration through the machine structure. The depth of penetration y depends
on the width of the spall, x, and the diameter of the rolling element, Dre combined with
the force of the impact. The motion of the bearing continues and the inner race pivots
about point B to return to being properly supported on its undamaged surface by the

rolling element. Slipping relative to the outer race may occur at this point.
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Figure 70. Model for the effect of an inner race spall on shaft centre motion.

The motion of the shaft centre which results from the defect is related primarily to the
pivoting of the inner race at points 4 and B due to penetration of the element into the
race rather than to the impulsive vibration. As the inner race pivots around point 4 the
shaft centre R will move as the end of the radius R -4. This motion, comprising
horizontal and vertical components, is directly related to the depth of penetration since
this determines the amount of rotation that occurs before the impact at point B.

Similar motion of the centre will occur when the inner race moves around point B.

The motion around point 4 will be faster than that around point B since at point B the
load acts against the motion. As the shaft is part of the machine structure, the
impulsive vibration due to the impact at point B will affect the motion of the shaft

centre. A certain amount of resonant vibration of the shaft will occur which will be
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visible as fluctuations in displacement immediately following the effect directly due to

the defect described above.

The resultant effect of this on the IME signal can be predicted as a rapid change away
from the displacement values due to normal shaft motion, followed by a slower change
back to these values with an oscillatory component. This model explains the impulsive

motion recorded from the large induced defect described in the previous chapter.

5.5 Experiment to test the assumptions made by the model
An experimental approach was adopted in order to test the assumptions made in the
development of the model described in the preceding sections. The initial experiment

used was similar to the one used by McFadden and Smith to confirm their model §4].

Initially the IME output signal from each of two new SKF NJ202 roller bearings was
recorded. Different speeds were used between 1000 and 3000 rpm and load was
changed by the addition of a flywheel for some tests. No significant change in the
signal was noted for these conditions. The IME recorded smooth, sinusoidal
displacement traces from both bearings, illustrated in figure 71. Displacement, on the y
axis, is plotted against angular position for a single rotation from 0 to 2« for both
channels. After a profile had been built up of the signal from each bearing, a defect
was induced on the inner race of one by electric discharge machining. This defect was
0.2 mm deep, 0.2 mm across and extended across the width of the inner race. This

compares to a 0.5 mm wide defect used by McFadden and Smith. Comparison was
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Figure 71. IME displacement signal from a new, unmarked NJ202 roller bearing,

then made between the data collected previously for the marked bearing, the bearing

without the defect and the behaviour predicted by the model.

After the defect was induced the change in the signal was quite clear. The smooth
sinusoids previously seen were now disrupted by small peaks of displacement. The
displacement traces in figure 72 clearly show two small peaks occurring in the second
quarter of the rotation on both channels with a third lesser peak on channel two. Also
clear is the waveform which appears superimposed on the sinusoid after the two peaks
on both channels. These examples are typical of the signal recorded after the defect

had been made on the bearing’s inner race surface.
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X zero 204B. Rotation 3 of 23. 1024 data points. Speed 9S4.24 rpm. Pseudo sampling 1G.20G kHz.
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Figure 72. IME displacement signal from bearing with induced defect.

The immediate supposition that these two peaks are due to the defect is confirmed by
their angular separation, which is as predicted by the model. The inner race defect
frequency for an NJ202 is 6.71 cycles per rotation. Applying equation 13 the expected
angular separation of the impulses, 0,/, can be calculated as 0.937 radians equivalent to
149 grating lines. This is the angular distance between the two peaks in figure 72.
This spacing was consistently observed. The fact that two peaks are seen indicates
that the load zone extends over a space greater than the distance between two

elements, approximately 1.872 radians.
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The shape of the peaks confirms that the motion of the shaft centre is as predicted by
the model. The displacement data points from normal shaft motion are clustered so
closely together they form a continuous line. At the point where the first rolling
element strikes the defect, point 4 in the model, there is a sudden, sharp jump in the
displacement values to a maximum peak. The spacing of the displacement points is
greatest at the start of this motion and decreases toward the maximum displacement,
showing that this motion is impulsive acceleration. From the peak there is then a
slower, but still sharp, return to the previous sinusoidal trend. The motion suggested
by the displacement values immediately after each peak is that of an oscillatory

resonance due to the impulse generated when the defect and the rolling element meet.

Although the peaks on the two channels have the same spacing they are different in
shape and direction of displacement. This difference can be understood with reference
to the model. Channel 1 measures the motion of the shaft in the vertical direction.

Channel 2 measures motion in the horizontal. The radial load on the shaft, in this
example, acts primarily in the vertical direction. The displacement in this direction is
therefore against the load and the motion of the shaft centre due to the impulse is of a
short sharp nature as the rolling element rolls into and out of the defect. In the
horizontal direction the motion is due to the pivoting of the shaft centre as an
extension of the line between it and the defect. This motion is less influenced by the
load and is of a longer duration. The shaft is more free to move in this axis. In the
first peak on channel 2 displacement is initially upwards, indicating motion to the left.

In response to the second impulse the initial motion is clearly in the opposite direction,

to the right. This is explained by considering the relative position of the two impulses
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and the load zone. Since the load zone extends around the lower portion of the
bearing, for radial load, and there are only two impulses in this example, the
assumption can be made that there is one impulse on either side of the position of
maximum load. In this case it would be expected that the pivoting motion of the shaft
centre in the horizontal axis predicted by the model would be reversed either side of
the maximum load position. If the rolling element strikes the defect to the left of the
maximum load position then the rotation of the line R - A in figure 70 will be toward
the centre of rotation. If the defect is struck to the right of the maximum load position
then the motion will be away from the centre of rotation. Since the IME measures
motion relative to the centre of rotation this explains the shape of the channel 2 trace in

figure 72.

In terms of the displacement measured by the IME the defect was easily detectable in
the traces recorded from the marked bearing. The transition of the rolling element
from the smooth surface of the inner race to the angular defect and back again gave the
results predicted by the model. The fact that this transition is seen to give a rapid
change in displacement means that the presence of such a defect will most easily be
detected from examination of the shaft centre acceleration. This will be the case
regardless of the magnitude of the peak displacement. This measure of shaft motion

will therefore be more sensitive to the presence of a defect than to its size.

Differentiation to find the rate of change of the displacement between each angular
position on the disk is used to find the shaft centre’ velocity. Shaft centre acceleration

is calculated by repeating the process with these velocity values. Shaft centre
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acceleration derived in this way from the IME signal has units of microns per radian
squared. For examination of the shaft centre acceleration channel 1 is used as the
displacement in the vertical axis is the most rapid as this was the loaded axis during this

experimentation.

Figure 73 is an example of the smoothed displacement recorded from channel 1 of the
IME for a single rotation. The sinusoidal average of the signal shown in figure 72 has
been removed to show in greater detail the impulsive motion due to the defect and the
subsequent resonant frequency. The large difference in the relative spacing of the
displacement points in the impulse compared to those in the rest of the trace indicate

how the relative velocity and acceleration will mark a transition in the signal.

Figure 74 shows the velocity and acceleration traces calculated from the smoothed
displacement signal in figure 73. With the data in this format it becomes easier to see
the sharp transition that the shaft centre motion makes between normal motion and
motion due to the defect. The scale below the velocity trace is marked in three

different expressions for the impulse spacing given by equation 13. All the impulses in
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Figure 73. Smoothed displacement signal from bearing with induced defect

133



X zero 2048. Rotation 3 of 23. 1024 data points. Speed 954.24 rpm. Pseudo sampling 16.28G kHz.
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Figure 74. Velocity (top) and acceleration (bottom) signals from bearing with induced defect
this trace and the many others collected as part of this experiment were observed at the
same approximate spacing. The marginal differences observed were attributed to the

slippage likely to occur between the bearing elements as the bearing was very lightly

loaded.

As well as the two main impulse peaks in both traces that define the position of the
load zone, a third smaller impulse occurs in the rotation just after 1.257t. This is not
related to the load zone and therefore cannot be explained by the model. Observation
of the traces showed that impulses of a much smaller amplitude than those in the load

zone were seen to occur in a position diametrically opposite to the load zone. From
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this experimental observation it is was deduced that IME was picking up the response
of the shaft centre motion to the rolling elements passing over the defect when it was

in the top of the bearing.

Over successive rotations the position and amplitude of the impulse due to the defect
were observed to change in the manner predicted by the model. Figure 75 shows the
shaft centre acceleration over four successive rotations. A dotted line at the 0.5%
position in each trace provides a reference point against which the relative motion of
the impulses can be judged. A scale bar of constant length below each trace indicates

the calculated defect spacing.

The adaptation of the McFadden and Smith model to the IME predicts that the
amplitude of an impulse due to a defect will change due to the variation in load with
angular position, d(6)q(0), as shown in figure 69. The pattern of amplitude variation
seen in experimental results and illustrated in figures 75 and 76 confirms this. The
maximum amplitude impulse is seen in the first trace in figure 75 where it occurs
approximately 0.625% radians into the rotation. A second much smaller impulse
occurs to the left of the main one separated by the calculated defect spacing, d(0). In
the second trace the position of the main impulse has moved to the left by
approximately 0.03125% and its amplitude has decreased. This apparent motion is due
to the fact that the load zone is fixed in relation to the IME measurement, but on each

rotation the rolling elements will be in different positions relative to the defect on the
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inner race. The smaller impulse has moved by the same angular amount and has also

decreased in amplitude.

To the right of the main impulse in the second trace a third impulse has appeared. The
two smaller impulses in the trace are separated to the left and right of the main one by

<71(0). Both of these smaller impulses mark the angular extremities of the Stribeck load

zone. Between these positions the amplitude of an impulse will increase to the
maximum value seen in the first trace and then decrease again as the angular position
changes. Beyond these positions to the left and right no impulses due to contact in the

load zone will occur.

In the third and fourth traces in figure 75 as the impulses move to the left in each
successive rotation their amplitude changes with their relative position. The main
impulse decreases in amplitude as it moves further from the centre of the load zone.
The smaller impulse increases as it moves in from the rightmost extreme of the load
zone left toward the centre position defined by the maximum amplitude seen in the first
trace. In the rotation trace shown in figure 76 the two impulses are approaching equal

amplitude.
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X zero 71GG. Rotation G of 23, 1024 data points. Speed 947.93 rpm. Pseudo sampling 16.178 kHz.
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Figure 75. The change in amplitude with relative position of the shaft centre acceleration
impulse resulting from the bearing defect over four successive rotations. Scale bar indicates
the interval calculated from the bearing defect frequency. Dotted line at 0.5¢ for reference.
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Figure 76. After five rotations the most prominent impulse has moved to the 0.5rc position
and decreased in amplitude. While the spacing between the impulses remains the
same, the amplitude of the second impulse increases as it moves toward the right.

5.6 Extending the IME model to allow for bearing defect detection

In order to be effective as a condition monitoring technique the IME must allow the
detection of incipient faults, as well as the large, fairly obvious one presented in the
preceding example. The change from a random acceleration signal to an impulsive one

is the key to this.

5.6.1 The kurtosis coefficient

In a properly lubricated, defect free, rolling element bearing the motion recorded by an
IME sensor will be related to the normal contacts between the bearing’s races and its
elements. The shaft centre acceleration in this case will result from the random
roughness of the normal bearing surfaces. This random roughness will produce a
signal in which there is a random amplitude distribution [83]. Figure 77 shows the
random amplitude shaft centre acceleration signal recorded by the IME from an

undamaged NJ202 bearing.
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X zero 1024. Rotation 2 of 23. 1024 data points. Speed 947.35 rpm. Pseudo sampling 16.168 kHz.
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Figure 77. Shaft centre position acceleration recorded by the IME from the undamaged

NJ202 bearing showing random amplitude distribution. Kurtosis coefficient 3.37.
The random amplitude distribution of this acceleration signal produces the
approximately gaussian curve shown in figure 78. This distribution curve will change
with the development of a spall-type defect on one of the bearing surfaces. The
amplitude of any regularly spaced impulses in the acceleration signal will cause the tails
of the amplitude distribution curve to increase. To detect this change the acceleration
signal must be analysed statistically using a parameter which is sensitive to this change

in the amplitude distribution.
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Figure 78. The amplitude distribution curve from the shaft centre acceleration signal
in figure 77. The random acceleration produces an approximately gaussian curve.
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Dyer and Stewart, who used accelerometers for bearing condition monitoring,
proposed the statistical parameter kurtosis for the detection of the change from a
random to an impulsive signal [62]. Kurtosis is a dimensionless, statistical parameter
which remains constant for an undamaged bearing irrespective of load and speed, yet
changes with damage. When applied to a signal it gives a measure of its amplitude
distribution. The kurtosis coefficient is calculated as the fourth statistical moment, M4,

normalised to the root mean square value [4], equation 15.

kurtosis coefficient = — -
(RMS) (15)

The kurtosis coefficient of a purely random noise signal has a value of 3.0. As a signal
becomes more impulsive its kurtosis coefficient increases above 3.0. The kurtosis
coefficient is sensitive to the size and distribution of the impulse peaks in a signal. The
average value of the kurtosis coefficient calculated from the shaft centre acceleration

signals of the two undamaged bearings was 3.011.

In figure 79 the shaft centre acceleration from one rotation of the bearing with the
induced defect is shown. The amplitude range of the bulk of the signal is still the same
as that from a normal bearing. This is because the majority of the motion in the
bearing is still between normal bearing surfaces. The signal is however dominated by
the impulse peaks generated by the defect. The small number of these large amplitudes
in the signal produces a distribution curve like that shown in figure 80. The impulse

peaks have extended the amplitude range of the signal so that the distribution tails out
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X zero 14336. Rotation 15 of 23. 1024 data points. Speed 954.92 rpm. Pseudo sampling 16.297 kHz.
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Figure 79. Impulsive shaft centre acceleration from NJ202 bearing with induced defect.
Kurtosis coefficient 39.39.

from the central peak. The average value of the kurtosis coefficient recorded from the

bearing with the induced defect was 32.451.
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Figure 80. The amplitude distribution of the defective bearing’s shaft centre acceleration signal in
figure 79. The impulsive components of the signal have given rise to the tails of the distribution
curve. As these develop the value of the kurtosis coefficient increases.

From these results it is clear that a calculation of the kurtosis coefficient from the

IME’s shaft centre acceleration signal can determine the difference between the signal
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from the marked and the unmarked bearing. Further work is required to prove the
ability of kurtosis to accurately determine the onset of bearing damage from the IME
signal. This would require an endurance rig capable of conducting an accelerated

bearing life test.

5.6.2 Measuring signal similarity

As well as the use of kurtosis the frequency distribution of the IME’s shaft centre
acceleration signal could also be analysed by the use of a similarity measure. Deciding
whether two statistical distributions differ or are consistent is a recurring problem
throughout many branches of the sciences. In the case of the IME the amplitude
frequency distribution of a newly installed bearing could be calculated and then
compared to subsequent values to detect the development of the impulsive shaft centre
acceleration due to a defect. Currently the chi-squared statistic is the most commonly
used technique for comparing statistical distributions [84]. To compare two
distributions designated R and S the chi-squared statistic is calculated using equation
16 where Rj is contents of the #zh bin of distribution R and Si is the contents of the

corresponding bin in the second data set.

(16)

Thacker et al. have suggested that the Bhattacharyya metric may offer advantages over
the chi-squared statistic in the field of system identification from frequency distribution

data where large differences exist between the distributions [85].
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The angular nature of the IME’s data means that the frequency that any bearing defect
will produce can be determined by calculation. It will not be dependent on, or variable
with, the speed of shaft rotation as is the case with accelerometer signals. The effect
of the load zone will be a constant factor determining the impulse amplitude. On this
basis the likely amplitude distribution in an IME signal from a particular bearing with a
defect can be simulated. By calculating similarity measures between this simulated
signal, the actual signal from a newly installed bearing and the signal from same
bearing subsequently, the direction of change in the signal’s amplitude distribution
could be monitored. This would allow the trending of the acceleration signal and the
ability to determine where the trend was heading based on the initial divergence from
the normal random amplitude distribution. Figure 81 shows how the IME model is

extended by the use of a similarity measure.

Simulated amplitude distribution
due to inner race defect

Actual distribution due to
development of incipient

. . inner race defect
Normal bearing life

Initial random
amplitude distribution

Bearing service life

Figure 81. The use of a similarity measure over the service life of a bearing to determine the presence and
development trend of the an incipient defect from the amplitude distribution of the IME shaft centre
acceleration signal.



5.6.3 Discrimination of the source of an impulsive signal

Monitoring of the kurtosis level of the shaft centre acceleration allows the presence of
impulses in the signal to be detected, but the source from which they originate cannot
be determined. Discriminating between defects on the rollers and the inner or outer
races is not generally useful since in the event of damage on one part the whole bearing
will be replaced. However it is important to be able to differentiate between impulsive
signals that originate in the bearing supporting the shaft and those which might arise
from other sources in a machine, such as gear meshing. The nature of the IME signal,
collected at equal angular intervals, allows the direct measurement of the angular
distance between impulses in the signal. This is an advantage over conventional
vibration sensors which need a separate angular motion sensor to relate their signals to
the rotation of the shaft. Knowledge of the geometry of a bearing’s races and rolling
elements allows the frequency of the impulsive signal due to any spall-type defect to be
calculated. From this frequency the angular interval to be expected in the IME signal
between each impulse from such a defect, expressed as a number of grating lines, can

be calculated.

Once impulses in the shaft centre acceleration signal are detected from a rise in the
kurtosis level, the angular interval between the impulses can be compared to the values
calculated for bearing defects. On an amplitude distribution curve the impulsive
components of a signal, which produce a high kurtosis coefficient, will lie above the
level of twice the standard deviation. This is the threshold level used by the
experimental IME system above which the amplitude of the signal counts as an impulse

[86]. For each impulse in twenty rotations of data the system measures the angular
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distance to impulses in the three succeeding and preceding rotations of data. By
dividing the distances measured between impulses in the signal by the intervals
calculated for bearing defects the system can determine whether or not the source of
the impulses is part of the bearing. At the same time, by dividing the length of a
rotation by the interval measured between impulses, the system is able to determine if
the interval is an integer fraction of a rotation. The impulses due to bearing defects are
always spaced at intervals that are non-integer fractions of a rotation as a result of
bearing geometry. Shaft vibration sources such as gear meshing or fan blade passing
always result in an integer number of impulses per rotation corresponding to the
number of gear teeth or fan blades present. This difference provides the method by

which the two types of vibration source can differentiated.

5.7 Conclusions from the experimental testing of the IME model

At the end of the second phase of experimentation all of the questions about the IME
and the nature of its signal raised by the first set of experiments had been successfully
answered. A model had been developed and confirmed experimentally to explain the
response of the IME signal to a bearing defect. This model had been extended to
allow the detection of the development of bearing defects in their initial stages by
statistical analysis of the IME signal. A method of discriminating between the impulses
due to bearing defects and those from other sources was also added to the basic model
and tested experimentally. This model and its application are two of the principal

claims to novelty that are made in this thesis.
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A high level of confidence had been achieved in the IME system at the end of the
second set of IME experiments. It had clearly been proven in experimentation that the
IME could monitor a bearing accurately. In three further experiments which were
conducted it was shown that the experimental IME system was able to successfully
detect lubricant contamination, shaft loading and bearing corrosion. Details of these

experiments are contained in appendices G, H and L.
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6. Conclusions and future work

6.1 Conclusions

The overall objective set at the start of this project was the investigation of a new type of
shaft displacement transducer to be based on the patented, but unproven, IME principle.
This aim was successfully achieved by the construction of an experimental bearing
condition monitoring system based on a prototype IME sensor and its application in a series
of experiments to monitor the condition of rolling element bearings with induced defects or

simulated fault conditions. The project was conducted in four phases.

In the initial phase of the project the objective was the implementation of the IME system
hardware. The sensor itself was successfully constructed based on the patent application.

However the electronic circuitry and the computer hardware which were described proved
to be inadequate. It was found that the data rate from the fully implemented four read head
sensor could not be captured by the system proposed in the patent. This finding resulted in
a completely new analysis of the interface requirement for an IME sensor. A hardware
independent conceptual architecture was designed and implemented to handle the required
data collection rate. Together with the software that was written to run on it, this
implementation formed the basis of the experimental system with which the rest of the

project was carried out.

With an experimental IME system successfully constructed the second phase of the project
began with an attempt to interpret the signal the sensor produced. The initial approach
adopted was to look for the geometrically derived defect frequencies in the signal from a

bearing with an induced defect. This was compared with the signal from an unmarked
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bearing. The displacement signals and their frequency spectra were examined. Various
filters and averaging techniques were used, but none were able to reveal a distinctive
feature in the frequency spectrum which could be related to the calculated defect
frequencies. Those results which did show a partial agreement were not consistently
repeatable. During this period a conventional accelerometer and spectrum analyser were
also used to monitor the bearings in an attempt to confirm the frequencies actually being
generated. This experiment was inconclusive. No frequency that could be directly
attributed to the bearing defect was identified. At the end of this series of experiments it
was concluded that the IME signal could not be interpreted from its frequency spectra

using the conventional approach applied to accelerometer signals.

To provide an interpretation framework for the IME signal a model was required which
would explain the effect of a bearing defect on the signal. The third phase of the project
began with the development of this model. A combination of published work by various
authors and the knowledge of the IME signal that had been gained in the initial
experimentation was used to construct the new model. A mechanism for the response of
the IME signal to the mechanical motion of the supported shaft resulting from the contact
between an inner race defect and a rolling element was developed. From this the model
was able to predict that the defect would result in an impulsive response in the acceleration
of the shaft centre. The modulation of these impulses would be dependent on the load
distribution in the bearing. The fact that the motion is impulsive led to the suggestion that
the onset of bearing damage could be detected from the kurtosis coefficient of the signal
combined with other statistical analysis techniques. The assumptions made in this model

were confirmed by experimentation which showed that the IME could clearly detect a
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large, but still realistically sized, defect on a bearing inner race. A method of discriminating
between the impulses due to the defect and those due to other machine components was
proposed based on the angular separation of the impulses and their relative position
between successive rotations. This potentially gives the IME the important attribute of
being able to monitor individual bearings in a complex machine with many sources of

impulsive vibration.

In the fourth and final phase ofthe project a set of experiments were successfully conducted
showing the ability of the IME system to detect three types of pre-failure bearing condition.
Lubricant contamination, race corrosion and shaft loading, all of which can lead to bearing
failure, were clearly shown to produce changes in the IME signal predictable from the

model which had been developed [86,87,88].

Successful application of the IME principle to the condition monitoring of rolling element
bearings will represent the first completely new technique in this area for a decade. This
project has proven that the novel, and previously untested, IME concept is itself valid. An
experimental sensor of this type has been constructed and shown to give some of the many
types of information about a rotary system predicted by the IME% theory. The principal
claim to novelty made by this project is in the manner of interpreting the IME signal to yield

an accurate indication of the condition of a rolling element bearing.

It is a conclusion of this project that the recent development of bearings with integrated
encoder elements provides the possibility of extending the IME sensor from the

experimental laboratory desktop to industrial applications. By using the integrated encoder
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elements an IME sensor could be incorporated into a standard bearing. This would allow
the creation of a new class of sensorised bearings, developed with current technology
and using the IME principle. These would be able to sense a number of machine
parameters as well as their own condition. Within an intelligent machine tool, a smart
bearing of this type would allow a higher degree of control and monitoring information

integration than is currently possible for rotating machines.

6.2 Future work
There are two main areas into which future work on this project could fall. There is still
scope for further development of the mathematical theory behind the IME. Work in this

area would allow the accuracy ofthe sensor to be confirmed.

Although the IME has been shown to work experimentally, the main area of future work
will be in the translation of its potential into an industrial reality. The growing importance
of computer integrated manufacturing (CIM) is increasing the need for better machine
monitoring and fault detection. High reliability, achieved through effective
maintenance, is an essential prerequisite for the successful operation of the
sophisticated machine tools in a CIM system. Rolling element bearing monitoring is
important in this context as machine tool bearings are critical components with the

potential for unexpected failure.

Consideration must be given to the factors involved in scaling the IME sensor to suit a real
application. The most obvious solution would be the use of an optical disk similar to the

one used in this project’s experimentation. Figure 82 shows how an optical encoder could
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Figure 82. An illustration of the possible mounting of an IME device based on an optical encoder
of the Heidenhain RON type. The sensor in this case is added to the existing machine structure.

be mounted onto an existing machine’s drive or spindle shaft. Although suitable for some
applications, adding the sensor to the machine in this manner is not concluded to be the
ideal solution. The rotary motion sensors already built into machine tools may, with the
addition of an extra sensing element, be able to implement the functionality of an IME
sensor. This would allow the sensor to be integrated into the existing machine control
structure. In this way the machine’s motion control computer could monitor the condition
of its bearings, as well as angular motion with the much improved accuracy given by time
base interpolation. Using sensors already designed into machine tools or other industrial
equipment would also satisfy the desire to use robust technologies more suited to

potentially challenging industrial environments than the current experimental sensor.
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Figure 83 illustrates a typical rotary motion sensor of the type that might be found in a
variety of industrial equipment. The rotation of a toothed metal wheel past an
inductive coil generates a signal indicating speed of rotation. During this project
interest was shown in the IME principle by a manufacturer of aero engines. The
sensor in a aero engine, called a phonic wheel, is of this type. Work must be
conducted to determine what factors will need to be considered in building an IME
sensor based on a device like this. The effect of the spacing of the inductive coil
relative to the teeth of the wheel, the spacing of the teeth on the wheel and the
sensitivity of the signal to slight changes in angular position must all be quantified. The
model which has been developed for the experimental sensor will then need to be

tested and extended if necessary.

Figure 83. An example of a rotary motion sensor from an industrial machine. The change in the EMF of a
coil with the passage of the teeth of a ferrous wheel rotating with the shaft indicates rotational speed.

The development which has the greatest potential for bringing the IME principle into
the industrial world is the instrumented bearing. Until recently rolling element bearings

were monitored, but had no sensory ability of their own. Their rotational speed would
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be measured for a machine control system by a shaft encoder and their condition
monitored by a separate diagnostic system. The introduction of Anti-lock Braking
Systems (ABS) by the automotive industry created the first application for bearings
with integrated sensors. Car road wheel speed could be most accurately measured by
incorporating an encoder-like electromagnetic sensor into the wheel bearing. Several
technologies have been developed to be used by ABS and the sensorised bearing has
proven very successful in this area [89]. In the past five years some bearing
manufacturers have begun to develop and market sensorised bearings for general
applications, particularly in machine tools. Figure 84 shows one example of such a
device. This sensorised bearing uses a single Hall effect sensor in the seal attached to
the bearing’ outer ring and a magnetic multipolar ring fixed to the rotating inner ring
to implement an encoder. To achieve the basic functionality of an IME device only the
addition of a second sensor would be required. The relative simplicity of the
calculations required to process the data from the IME would allow existing micro
computer based machine controllers to interface directly to a smart bearing with the

addition of minimal hardware and software.

The emphasis of the commercial development of sensorised bearing has primarily been
on rotary speed sensing although bearings with internal strain gauges to measure shaft
loading have been developed [90]. Shaft loading can be used to monitor tool wear in

machine tools and roller tension in a variety of industrial processes.
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Figure 84. The elements of a typical sensorised bearing manufactured for machine tool speed monitoring by
SNR. 1. Fixed outer ring, 2. Seal, 3. Rotating inner ring, 4. Magnetic multipolar ring, 5. Hall effect sensor, 6.
Cable.

Based on the work done during this project developing the incremental motion
encoder, it is believed that there is a great potential for a new generation of bearings
incorporating the IME principle. Such bearings could monitor machine parameters
such as angular velocity, angular vibration, torque and shaft loading together with their
own condition. A number of conventional sensors and their respective data analysis
systems could be replaced with a single unit, an intelligent or ‘smart’ bearing. This
could be integrated into existing machine designs with only minimal modifications for
cabling. A bearing of this type could be used for process control and monitoring
during normal machine operation as well as for detecting fault conditions. As a system

component, a smart bearing would be a significant step forward in the direction of the

type of intelligent machine required for use in CIM systems [5].
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Figure 85 illustrates a typical industrial machine gearbox. The bearings in this type of
environment experience forces due to the meshing of the gears, the equipment being
driven as well as their own condition. The site of the bearing is therefore an excellent
location for a sensor. The possibility of replacing simple ‘dumb’ bearings with ‘smart’
bearings using the IME principle similar to the conceptual example shown, should be
investigated. This offers the prospect of industrial collaboration in the future direction
of this research as the production of this type of bearing could only be undertaken by a
bearing manufacturer. During this project the experimental work undertaken was
demonstrated to a bearing company who have expressed interest in its further

development.

Electromagnetic
Readhead

Multipolar
Magnetic
Ring

Electromagnetic
Readhead

Figure 85. An industrial gearbox (left) and a conceptual illustration of a smart bearing (right)

which might be developed in the future to allow such a machine to monitor its own condition.
A possible intermediate step between the current experimental rig and an industrially
manufactured smart bearing would be the type of modularised wheel hub sensor

bearing produced by SNR for the automotive market. These bearings have a multi-



polar magnetic ring on their seal which rotates with the inner race. A Hall effect
sensor is clipped to the outer race of the bearing on detachable ring. Although the
normal practise is to use only one sensor on each bearing, there is no reason why more
should not be added to the clip-on ring to provide the sensor configuration of an IME

as shown in figure 86.

Figure 86. An automotive wheel hub bearing for ABS applications with integral encoder element and
detachable Hall effect sensor. An experimental smart bearing could be constructed from this type of device.

With suitable supporting research effort the IME principle and the smart bearing
concept could become an industrial reality. The successful exploitation of the results

of this project remains as a challenge yet to be met.
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Title
Shaft Displacement Measuring System
5 Field of the»invention
This invention relates to a system for measuring relative

displacements of a rotating shaft in a direction transverse

to the axis of the shaft.

10
Background of the invention
Displacements of a shaft axis occur at frequencies
comparable to or greater than the frequency of rotation of

15 the shaft in many machines and apparatus. A shaft which
supports a grinding wheel in a grinding machine is subject
to such displacement both as a result of imbalance of the
rotating masses and as a result of external forces applied
to the grinding wheel when it engages a workpiece.

20
One known method of measuring displacement uses a probe to
mechanically follow the shaft and a transducer to measure
the displacement of the probe. For complete information two
probes at right angles are required.

25

The present invention uses a known method of measuring
angular displacement of a shaft. The method is applied at
two or more angularly spaced locations and the resulting
measurements are processed to produce a measurement of

30 relative displacement of the shaft in the required
transverse direction. Two locations are needed to measure
displacement in a given direction. Three or more locations
are necessary to provide full information about the

displacement of the shaft.
35
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Summary of the invention

According to the invention a displacement measuring system
for indicating relative displacement of a shaft transverse

to its axis', comprises:

a) a first detector at a first station for producing

electrical signals in a first channel representative of

angular displacement of the shaft as measured at the first

station;

b) a second detector at a second station angularly spaced
from the first station for producing electrical signals in

a second channel representative of angular displacement of

the shaft as measured at the second station;

c) means for processing information from the first and
second channels to generate an indication of relative
displacement between the detectors and the shaft in a

direction transverse to the axis of the shaft.

It is an important advantage of the invention that the shaft

displacement information is obtained from -angular position
detecting devices so that full information as to shaft
angular motion and transverse displacement can be derived

without using two separate measuring systems.

Brief description of the drawings

The invention will now be described with reference to
specific embodiments shown in the accompanying drawings in
which:

Figure 1 shows a known form of optical shaft encoder;

Figure 2 shows an embodiment of the invention having two

measuring heads spaced at 180° approximately and able to
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measure shaft displacement in a direction transverse to the

diameter joining the measuring heads;

Figure 3 shows a second embodiment in which three
measuring*heads spaced at angular intervals of
approximately 60° are used for measuring shaft

displacements in any direction transverse to the axis of

the shaft;

Figure 4 shows how shaft displacement is derived from the

measurements made in the embodiment of Figure 2;

Figure 5 shows how shaft displacement in a plane trans-
verse to the axis of the shaft is derived from the meas-

urements made in the three head embodiment of Figure 3;

Figure 6 is a block diagram of the circuit through which
the output signals of the three measuring heads in the
embodiment of Figure 3 are processed to provide signal

suitable for computer analysis; and

Figures 7 to 10 show applications of the shaft

displacement measuring system of the invention.

Detailed description of the preferred embodiments

The shaft displacement measuring system of the invention is
an instrument for measuring the relative displacement of a
rotating shaft in directions transverse to the axis of
rotation of the shaft. In its simplest form (Figure 2) the
shaft displacement measuring system is capable only of

measuring displacements in a single direction.

The shaft displacement measuring system uses optical shaft
encoders of a known kind which produce as output an

electrical signal comprising.a train of pulses of frequency
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proportional to the angular velocity of the shaft. As shown
in Figure 1, an encoder of this kind comprises a transparent
disc 10 arranged for rotation with the shaft 11 from which
measurements are required to be taken. A measuring head 12
mounted on d fixed base (not shown) comprises a light source
on one side of the disc 10 projecting a beam of light onto a

light sensitive semi- conductor device on the other side of
the disc.

A radial optical grating on the disc interrupts the beam as
the shaft rotates. The output signal from the measuring
head 12 comprises a train of pulses, each pulse

corresponding to the passage of a space in the grating past
the beam.

normally such encoders are used to measure angular position
and speed only. Motion of the disc relative to the shaft
axis 1is considered a source of error when estimating angular
position. For this reason optical shaft encoders have their
own precision bearings independent of the bearings of the
shaft to be measured and the disc is driven by a bellows

coupling which isolates the encoder from shaft vibrations.

In the shaft displacement measuring system of the invention
the disc 10 is fixed to the shaft 11 and two' diametrically
opposed measuring heads 14 and 15 are fixed to the base of

the apparatus in which the shaft 11 is journalled.

The output signals from measuring heads 14 and 15 are
processed in a manner to be described in more detail below
in relation to the embodiment of Figure 3 to develop a
succession of pairs of angular position measurements. These
angular position measurements are processed in a data
processor (not shown) which may be a general purpose
computer which derives the displacement of the shaft from
the relationship illustrated in Figure 4. If 1 is the

distance between the two measuring stations and 0 is the
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difference between the angular position of the shaft
measured at the first station and the angular position of
the shaft measured at the second station, the displacement
of the shaft from a line joining the two measuring stations

5 is given by:'

Displacement = (jt-0) * 1/4 (1)

The operation of the embodiment of Figure 2 can be

10 understood by reference to Figure 4. Assume initially that
the shaft centre-line is in line with the two measuring
heads. In this case the angular position measurement derived
from the signal from the first station will be exactly
jcradians different from the angular position measurement

15 derived from the signal from the second station. Using the
formula given above the data processor will indicate =zero
displacement. If the shaft remains in the same position the
processor will receive a succession of pairs of angular

position measurements with a n radians difference.

20
Upon displacement of the shaft to the left as viewed in
Figure 4 the difference between the pairs of angular
position measurements will decrease and the displacement of
the shaft will be given by formula (1) above.

25

It will be appreciated that the two head system of Figure 2
can only measure displacement perpendicular to the diameter
on which the heads are positioned, that is horizontally as
shown in Figure 4. To measure vertical displacement, two

30 additional heads at opposite ends of a horizontal diameter
coul$ be used. It is more economical to use three heads 16,

17 and 18 spaced apart 60° as shown in Figure 3.

The time of passage of individual grating lines does not
35 enable angular position to be measured with sufficient
accuracy for many applications. A system which provides for

interpolation between successive grating lines and
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measurement of angular position to an accuracy much greater
than the angle between adjacent grating lines will now be
described with reference to the embodiment shown in Figures
3, 5 and 6.

Referring to Figure 6, an interface circuit for connecting
the output of measuring heads A, B, and C, indicated
respectively by reference numerals 16, 17 and 18 in Figure 3
to a general purpose computer (not shown), comprises three
channels A, B and C plus an additional channel D for
collecting a once per revolution synchronisation signal.

The synchronisation signal may be produced by the passage of
a single grating line on the disc 10 past by an additional
head (not shown) at a different distance from the shaft axis
than the main measuring heads A, B and C. The signal in
channel D thus provides a reference pulse corresponding to a
specific angular position of the shaft. This pulse on line D
sets a flip-flop used for resetting a counter 21 and for
sending an interrupt via OR gate 22 and interrupt line 23 to

the computer.

Each of the channels A, B and C comprises a Schmitt Trigger
24 which converts the pulses from the respective photo-
sensitive semiconductor device into a square wave on 1line 25
connected to a latch 26. Each latch 26 is connected by a bus
29 to a FIFO (first in first out) buffer 27.

The latches 26 are connected by a timer bus 28 to the
synchronous counter 21. The counter 21 counts pulses from a

precision clock circuit 30.

All\hree FIFO buffers are connected to the data bus 31 and
to the Address Decoder 32 of the computer.

Line 25C is connected to one input of the OR circuit 22 so
that in addition to the interrupt sent when the

synchronising signal on 1line D is received, an interrupt is
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also sent to the computer once for each grating line. These
interrupts enable the computer to request the output of the
buffers at intervals corresponding to the period between the
passage of grating lines past the measuring heads by sending
signals to the buffers on lines 33 via the address decoder
32.

In operation, the clock 30 runs continuously and each of its
output pulses increments the counter 21. When the

synchronising pulse on channel D sets the flip-flop 20, the

counter 21 is set to =zero.

After a delay dependent upon the angular position of the
disc as seen at the three measuring points, pulses arrive
at the latches 26 from channels A, B and C. In each channel
the count taken by the latch from the timer bus is
transferred to the FIFO buffer at the instant the 1leading
edge of the pulse on line 25 reaches the 1latch.

Sets of three counts are taken from the buffers 27 via data
bus 31 under control of address decoder 32 for storage in
table form in the computer for subsequent processing as
described below. The interface circuit enable the computer
to collect reading from which the shaft displacement will be

calculated at the rate of one set per grating line.

The computer looks at a set of three readings, one from each
channel. Each reading gives the time taken for the shaft to
turn to the related angular position. Using an input for
shaft angular velocity taken by counting the frequency of
interrupts the computer converts the stored readings into

angle information.

In Figure 5, A, B, and C indicate the positions of the three
measuring heads. These are spaced apart a distance 1 at the
corners of an equilateral triangle. The position of the

shaft axis relative to the measuring heads is given by its
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distance m from A and by the "a between the vertical

through A and the line AS joining the shaft axis to A.

The computer stores sets of values for '""A, ~B and ~Cbeing

the angular position ofthe shaft asmeasured atA, B, and c
expressed in the form of the angle through which the shaft
has rotated since detection of the last synchronising pulse.

It can be shown that:

"a = "A - ~B (2)
10
and Ab = 2n - ("A - AC) ...... (3)
Using the sine formula for the two triangles shown in Figure
5, it can be shown that for small angles a:
15
a = sin asin (5ji/6 - b) - sin b sin (5jc/6 -a) ... (4)
sin acos (57/6 - b) + sin b cos (5J1/6 - a)
m = 1 sin (5k/6 + a - a).......... (5)
20 sin a
Horizontal Displacement of the shaft from the centre of the
measuring heads is approximately:
25 a*m .. (6)

Figure 7 shows an application of the shaft displacement
measuring system of the invention to the measurement of
shaft lateral motion relative to its bearings. The shaft 40
30 is journalled in bearing mounted on a machine base 42 by
flexible mountings 43. The disc with optical grating 44 is
fixed to the shaft 40 and a platform 45 carrying the
measuring heads is fixed to the bearing by solid mountings
46. The output from the computer gives information as to the
35 wvibration of the shaft relative to its bearing as it

rotates.
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The set up shown in Figure 8 differs from that shown in
Figure 7 in that the platform 45 is fixed to the base 42 by
solid mountings 47 and so that the computer output indicates
movement of the shaft and its bearing relative to the

machine structure 42.

Figures 9 (side view) and Figure 10 (end view) show how the
shaft displacement measuring system can be used to gauge a
component 49 fixed to the shaft 40. In this case, the
measuring head platform is mounted for sliding movement
relative to the machine base 42 on vertical guides 48 and a
surface following probe 52 fixed to the platform ensures
that the platform follows the contour of the component 49.
Since only vertical movement is involved, two measuring
heads 50 and 51 are sufficient. It should be noted that in
this example the shaft remains fixed and the shaft
displacement measuring system is measuring the movement of

the platform relative to the shaft.

The shaft displacement measuring system may also be used for
the control of automatic bearings such as hydrostatic
bearings in which fluid pressure in angularly spaced bearing
pockets is increased or decrease to maintain shaft clearance
from the bearings within predetermined limits. The shaft
displacement measuring system provides information which can
be used to controlled fluid pressures within the system to

maintain the required clearances.

Similarly, in an active magnet bearing, the output of the
shaft displacement measuring system can be used to control
current to electromagnetic bearings to maintain required air
gaps between a shaft and the electromagnets with varying

loads.

The disc 10 may be replaced by a drum with a reflective
grating formed on its outer surface and the 1light sources

and detectors outside the drum. Alternatively the drum
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CLAIMS

1. A displacement measuring system for indicating relative

displacement' of a shaft transverse to its axis, comprising:

a) a first detector at a first station for producing
electrical signals in a first channel representative of
angular displacement of the shaft as measured at the first

station;

b) a second detector ata second station angularly spaced
from the first station for producing electrical signals in
a second channel representative of angular displacement of

the shaft as measured at the second station;

c) means for processing information from the first and
second channels to generate an indication of relative
displacement between the detectors and the shaft in a

direction transverse to the axis of the shaft.

2. A displacement measuring system' as claimed in claim 1
including a disk bearing an optical grating mounted for
rotation with the shaft, each detector comprising a
photosensitive device adapted to produce electrical signals
corresponding to the passage of lines of the grating past

the respective station.

3. A displacement measuring system as claimed in claim 1
or claim 2 including a third detector at a third station
angularly spaced from the first and second stations for
producing electrical signals representative of angular
displacement of the shaft as measured at the third station,
in which the processing means uses information from all
three channels to generate an indication of the position of

the shaft in a plane transverse to its axis.
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4. A displacement measuring system as claimed in claim 3
in which the three detectors are spaced apart approximately
120-.

5. A displacement measuring system as claimed in claim 1
or claim 2 in which the two detectors are at opposite sides
of the shaft spaced about 180° apart and the processor is
adapted to indicate displacement of the shaft in a direction

at right angles to a line joining the detectors.

6. A displacement measuring system as claimed in claim 5
including third and fourth detectors at third and fourth
stations angularly spaced approximately 90° from the first
and second stations for producing electrical signals
representative of angular displacement of the shaft as
measured at the third and fourth stations, in which the
processing means uses information from the third and fourth
channels to generate an indication of the position of the
shaft in a direction at right angles to a line joining the

detectors.

7. A shaft angular position, angular velocity and
displacement measuring system comprising a system as claimed
in any one of the preceding claims including means for
developing angular position and angular velocity information

from the output of one of the detectors.

%
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B. The development of the data capture interface

The data capture interface in the experimental system is composed of two parts. The
timer counter circuit board, to which the encoder output square wave signals are
connected, and the embedded computer hardware by means of which timer counter
values are taken from the circuit and stored before transfer to the processing computer.

This part of the system thus acts as a link between the outside world, represented by the
encoder motion, and the internal computations of the system. The creation of this
component in the experimental system accounted for the largest part of the time and
effort spent on the project in its first year and proved the most difficult in practical terms
to complete. This was mainly due to the requirement for the design and implementation
of novel hardware. Not only did the timer counter circuit board have to be developed,
but a number of other standard components had to be utilised to create a working
system. This appendix describes the development ofthe data capture interface from the
original design to the hardware configuration successfully used in the experimental

system. It explains why certain design ideas were implemented and others were not.

B.l The data capture interface design

At the start of'this project the form ofthe data capture interface was based 011 the design
outlined in the IME patent application [2]. This called for a timer counter circuit board
that generated interrupts to a microprocessor. This would collect the timer counter data
for storage and subsequent processing. Small details of this design had been slightly
amended during the initial requirements analysis stage of the preceding MSc project by
the removal of some unnecessary elements. The block diagram of the data capture

interface at the start ofthe project is reproduced in figure B -1.

B-1
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Figure B-1. The first design ofthe IME data capture interface based

on the IME patent application [2],

The design in the patent application was derived from the design of the data logger
previously used by Orton for precision angular velocity measurement with a single read
head encoder [1]. For the multiple readheads of the IME it was assumed that it would
be possible to simply extend the circuit that had been used for the data logger by
duplicating its single set of components. There had been no attempt to make an
application specific analysis of the unique requirements of the IME.

importance to the actual operation of this design was the poor analysis of the electronic

B-2
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design requirements. This resulted in a circuit design which was faulty from the
begimiing. The author's inexperience in dealing with electronic circuits and components

meant that this fact was slow to be realised and subsequently rectified.

In figure B-1 the address and data buses are shown are those of a VME based mono-
board MC68000 computer. The FIFOs shown were two 68230 parallel interface timer
chips. These were FIFOs only in the sense that they were capable of storing two input
data values before being read by the computer. It is important to note that this use of
FIFOs is only required by this design because of the way it was intended that data
should be gathered sequentially from each channel by a single interrupt service routine

sensitive to the arrival of data on only one channel.

The development ofthe data capture interface from its beginnings with this design to the
conceptual computer architecture has been driven by the need to analyse the system
from first principles in order to correctly design a hardware configuration to adequately

meet the operating requirements ofthe experimental IME system.

B.2 The refinement of the timer counter circuit

This section outlines the main problem areas that were discovered with the timer counter
circuit's initial design and construction. It describes the solutions to each problem that
were implemented to create the circuit used in the experimental system. The fine detail

of all the iterative stages that led to each solution is not presented.
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After the initial design of the data capture interface was implemented and the system
tested, it became clear that there were many errors in the timer counter data captured.
Many displacement values generated from the raw data were obviously significantly out

ofrange ofthe general trend.

The method adopted to trace the sources of'these errors in the data capture interface was
the same throughout the period of its testing and development. The output signal
generated by one read head ofthe IME was split between the two, later four, inputs of
the circuit board. This method allowed for a pair of initially synchronised signals to be
propagated through the circuit. The relative arrival time of the signal's square wave
edges is the critical parameter the circuit is required to record. The differences in the
relative arrival time of signal edges at various points in the circuit were monitored by a
logic analyser and used to trace the sources of the errors in the data collected by the
computer system. Ifall had been working correctly then the raw counter data collected
by the computer system would consist of a series of identical 16-bit values. A simulated
fragment ofthe data collected at the start of the investigation is shown in table B-1 with
examples of the types of errors commonly seen in the data at that time. In the actual

data they were much more widely distributed.

Error 1 was the most obvious. Instead of being identical, pairs of values on the two
channels showed a variable difference. Errors oftype 2 occurred where the lower byte
of a value recorded for either channel would be zero. At certain places on channel 1 it
was clear that a value had not been recorded, leading to a doubling in the difference

between successive values and the displacement of'the two channels with respect to one
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another. This was an error of type 3. On channel 2 it was observed that some data
values would be recorded twice giving an error of type 4. This would also lead to the
displacement of the two data records with respect to each other. Errors of type 5
occurred where a value was recorded that was out of sync with the incoming edges,

again the data would be displaced.

Table B-1

Angular position channel 1 channel 2

543 18F4 18F4

544 1B E7dlad 1C40dlr1
545 1F8C 1F33

546 2200eno2 22D8

547 2624 jidla3 2624

548 2CBCftenor3 2970

549 3008 2CBCall4
550 3354 2CBCédlxd
551 34CEam5 3008

552 36A0 3354

Figure B-2 shows a simplified diagram of the counter timer circuit at the start of the
project. In the original, data logger circuit, built with a single input channel, there was

no need to take relative propagation times into consideration. The version built for this
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project used the same design, but with two channels. The inherent problem with this

design was the fact that the path lengths between the input connectors and the latches
had different relative propagation times. This resulted in the errors of type 1 described
above. Signal edges which were synchronous at the inputs to the circuit would be
skewed by a variable amount relative to each other by their passage across all the
elements in the circuit prior to reaching their respective latches.

This was recorded as

the variable differences between timer values.

PULSE WIDTH SHORTENING

N O |>> D2_A14 1,2,4,8 FREQUE-
PN - NCY DIVIDER D[B)
UN
T E A SECOND CHANNEL
013 rA-SJ2 CIRCUIT IS THE SAME
AS THE FIRST. {) INDICATES
SECOND CHANNEL PIN No.s
FLIP-FLOP
OPTO ISOLATORS
Ho[5) Ht2Q2)
Fl12 F13
;. ¢ PIN HI elk
H11(3)
yj * PIN H3
A R CLOCK
LT

16 BIT LATCH

16 BIT SYNCHRONOUS COUNTER

16 BIT LATCH

A R

m m m m m m rnm m

O+ PIN H3

Figure B-2. Simplified diagram of'the timer counter circuit at the start ofthe project.
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Initially the main problem area was the pulse width shortening part of the circuit. This
produced a short pulse from the wide square wave of the encoder. The width of this
short pulse and the relationship of its edges to those of the original wave were
determined by the exact value of the capacitor in the circuit. As no two capacitors are
exactly the same this produced the largest single component of time difference between
edges on the two channels. Decreasing the value of the capacitors, so the shortened
pulse width was as close to the value of the time difference as possible, was the first
remedy tried. This had the effect ofreducing the skew, but when the speed ofthe clock

in the circuit was increased from 10 MHz to 20 MHz the error doubled.

Gradually the circuit was redesigned from fust principles with its form determined by its
function. The circuit is required to latch a count value on the falling edge of an input
square wave, then signal this to an external computer. The square wave edges from the
encoder did not need any further shaping and the pulse shortening was an unnecessary
complication. The same was true of the frequency divider which again came from the
original single channel circuit. The schmidtt triggers and opto-isolators on the inputs
were also removed as there was a significant degree of variable delay contributing to the
skew as the two signals propagated across these components. The opto-isolators on the
signal outputs were also removed. The circuit was streamlined until the input signals
drove the latches directly. The skew causing error 1 was then eliminated. The
difference between values was reduced to 0 +/- 1 clock cycle. Figure B-3 shows a
simplified diagram of'this circuit. Appendix C contains detailed schematics ofthe timer

counter circuit.
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Figure B-3. Simplified diagram ofthe current interface circuit.

The errors of the second type were traced to the way the data capture interface design
attempted to use the 68230s as FIFOs. As shown in figure B-3 the input signal is split
by the circuit with one path going directly to the H3 latching pin of the 68230 and the
other going to the latch on the circuit board. It was found that the edge that went
directly to the 68230 arrived there before the latch on the circuit had become stable with
the timer value. The bits in the lower byte ofthe counter were changing too fast for the

set up and hold time of the 68230s. This resulted in the loss of the lower byte of the
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counter value recorded by the system. The initial solution to this, within the context of
the original design, was to place 400ns delay lines in the circuit at just before the output
leading to the H3 pin. These allowed the latch time to become stable before the 68230
latched the data itself. This problem only occurred because the 68230 hardware was
being used to hold the data prior to being read by an Interrupt Service Routine (ISR), as
dictated by the original design. This was a design error as the latch on the timer counter
board was effectively not being used. The implementation of the conceptual computer
architecture corrected this by polling the immediate value on the 68230 input. In this
case the latches were able to go stable in the time taken for the processor to respond to

the arrival ofthe latching edge. The delay lines were then removed.

The third type of error, where a data value was entirely missing from the data record,
was found to be due to the interrupt latency of'the data collection ISR. A data value was
missed when the interrupt took longer to complete than the interval between incoming
edges. The degree to which this happened was obviously dependent on the rotational
speed ofthe encoder and the execution time of the ISR code. The interrupt latency was
measured with a logic analyser. Calculations showed that, as implemented, the system
was not capable of correctly recording data faster than 3000 Hz from two input
channels. This was 300 rpm measured with a 1000 line encoder. Since the ISR was
required to read the data sequentially from each channel, increasing the number of
channels would reduce to performance of the system still further. The discoveiy of this
problem and the subsequent examination of its cause lead to the complete redesign of
the data capture interface. The conceptual computer architecture completely eliminated

the use of interrupts.
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The fourth and fifth type of error, where data values were either recorded twice or an
intermediate error value was recorded, resulted from the level of electrical noise on the
timer counter circuit board itself. The circuit was built on a wire wrapped prototype
board and a degree of error due to noise was to be expected due to this implementation.

However the actual number of errors has been and remains very high. Figure B-4 shows
a negative edge ofthe encoder signal measured by the logic analyser at the connector to
the I-I3 latching pin ofthe 68230 interface. This clearly shows the reason for errors of
type four, the fall of the voltage level from high to low occurs with a large oscillation
which goes back up enough to register a positive level before going negative again.

These two negative edges give the double reading. This effect, called ground bounce, is

the result ofthe lack ofa sufficient ground level on the board.

Scope Marker Au toscal
V Markers Volts I Vb On Vb Vo lts Center
On 830 mV -830.0 mv Screen
s/D iv Del ay T Markers' Tx to To ”~ fTrig to xl1 fTrig to 0"
On 13.00 ns I -5.00 ns I B.OO ns

Figure B-4. Ground bounce on the falling edge ofthe encoder signal.

Looking at the ground level of the signal in figure B-4 it is clear that there is a separate

noise signal superimposed on tire encoder square wave signal. Figure B-5 is a close up
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ofthe OV level of this signal as measured by the logic analyser. Close examination has
shown that this noise signal is composed of various frequencies, due to crosstalk effects
from the clock, the power supply to the board, the other read head signals and most
significantly, the unused outputs of each read head. Because the components from all of
these sources interfere, the noise signal has a variable magnitude. When maximum
constructive interference ofthese noise signals occurs in the ground level ofthe encoder-
signal, the peak value ofthe noise may exceed the threshold for a logic 1 at the 68230's
latching pin. This results in the computer being signalled to collect data out of step with
the actual encoder signal, leading to an error of the fifth type. In figure B-5 the logic

analyser has triggered on an example of such a noise peak.

Figure B-5. An example ofan error generating noise peak in the OV level ofthe encoder signal.



B.3 Timing error analysis of the timer counter circuit

As well as detecting the obvious errors that were leading to gross distortions of the
calculated values, it was important to be sure that the circuit was performing as designed
and that the values recorded related to the timing interval of the encoder signal. This
investigation also allowed the determination of the source of the 0 +/-1 error counter
value error. A single encoder read head signal was split between the four inputs of the

circuit board and its propagation along the four paths monitored with a logic analyser.

Figure B-6 is a screen shot taken from the logic analyser used to monitor the
propagation of the signal through the circuit. Eight probes were used, their signals
designated TCOUNTO to TCOUNT?7 in figure B-6. These were placed at various points
in the circuit and used to measure a number of timing parameters that were dependent
on the path lengths in the circuit. The critical section ofthe circuit as far as timing and
relative propagation is concerned is from the input connector via the flip flops and line

drivers to the latching pin, 13, of the latches. For four signals, arriving in step at the

Ana ly2er Haveform MACHINE 1

Accumula te TCOUNT nter

reen

sec/D iv Trig to O
20 ns . 32.00 ns

TCOUNT
TCOUNT
TCOUNT
TCOUNT
TCOUNT
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TCOUNT
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o R WN 4 O

|
t o X

Figure B-6. Encoder signal propagation from circuit board input to la.tches.



input connector, to latch the same count value, the latching pulses must arrive at pin 13
within one clock cycle of each other.

The ideal situation is shown in figure B-6. TO..3 are the input connector pins, T4..7 the
latching pins ofthe four input channels. The edges are in step in both locations. In this
instance the count value recorded on each latch would be exactly the same.

Figure B-7 shows the same signals, but in this case a delay of 4ns is recorded in the
arrival of the latching pulse on Ch 2 at pin 13 ofthe channel 2 latch, T5. Small delays
ofthis magnitude are to be expected due to rise time variations and subsequent delays in
triggering. Since the flip-flop is clocked by the same clock as the counter it can happen
that the propagation ofthe signal across the flip-flop is held slightly by the change ofthe
clock, in conjunction with the propagation delay of the clock edge to the various flip-
flops. The maximum value of an error due to this source is the length of one clock

cycle, assuming in this worst case that the signals are perfectly in step at the input, but
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Figure B-7. Latching delay due to rise time variation,

due to a slight skew in propagation reach their respective flip-flops far enough apart that
one flip-flop is gated open while the others are gated shut or vice versa. The edges will

emerge with a time difference ofone clock cycle between them.
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Ail occurrence of this situation is shown in figure B-8. The signals are in step at the
inputs, TO..3, but the signal edge on channel 2 reaches the latching pin, TS, ahead of the
other three signals. This delay, indicated by the X to O time of 40 ns, is the length ofa
clock cycle. The value latched on channel 2 from the counter will therefore differ by 1
from the count latched on the other channels. The accuracy oflatching is therefore 0 +/-

1 clock cycle, independent of clock speed.
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Figure B-8. 40ns difference in arrival time of encoder edge at latching pin.

Clock frequency obviously plays an important part in the relative timings themselves,
not just of the signal from the flip-flop to the latch. If the clock frequency were to
change by a certain factor then for the same input signal frequency, the measured time
intervals on all channels would change by that factor too. In the current circuit the clock
frequency, and thus the time between edges due to this error, is only marginally
variable. Using the measure facility of a digital oscilloscope the period ofthe clock was
measured as -41.7 +/- 1 ns. The frequency is thus -23.8 - 24.1 MHz. The value 23.9

MHz is used in all software calculations.
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Signal propagation had to be checked across all the components of the circuit to be
certain of the possible errors that might be induced into the data by each part of the
circuit. Figure B-9 shows two ofthe signals being correctly gated across the flip-flop.

TO is the channel 1 IME input on pin 12 of'the flip-flop, T1 is the flip-flop output pin 9,
T2 is the clocking signal. T3..5 are the same signal for IME channel 2, T6 is The clock
output pin, T7 is the clock input to the counter. In this example the two input edges are
step at Tx and the output is low. The high level on the inputs is seen on the outputs 8 ns
after the positive edge of the clock goes high. This delay represents the propagation

time across ofthe signal across the flip-flop, which is positive edge triggered.
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Figure B-9. Flip-flop signal propagation.
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Figure B-10 shows the same signals, but in this case the channel 1 IME signal, TO,
arrives at the flip-flop at the same instant, to within the resolution ofthe logic analyser,
as the clock signal input to the flip-flop, T2, the output signal, T1 goes high 4 1is later.
On channel 2 the signal arrives 4 ns earlier, T3, but this flip-flop does not react as
quickly and it takes another clock cycle before the signal passes across the device, T4.

This means that a lead of 4ns is transformed into a lag of 44 ns by a flip-flop’s slow
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Figure B-10. Error due to propagation delay ofthe circuit flip-flop.

response to the clock input.

Figure B-1 1 shows the more normal, predicted problem when two or more OSE signals

arrive at their respective flip-flops simultaneously with the clock. The signal on channel

1 goes straight across, the signal on channel 2 is held until the next clock cycle. The

delay induced is 40 ns, the clock cycle length.

Both these delays lead to the +/-1 counter value accuracy on the latches.

B-16



( ftn8lyzer]f Waveform MACHINE 1 ] (Tcq. Control) (Print ] "Gr*up”Rund

Accumﬁ;ate [TcouNTJ Center
(Binary ) Screen

sec/D iv Markers
20 ns Time 2,00 nsj [ 52,00 ns

TCOUNT 0
TCOUNT 1
TCOUNT 2
TCOUNT 3
TCOUNT 4
TCOUNT 5
TCOUNT 6

TCOUNT 7

Figure B-1 1. Second type of error due to propagation across the flip-flop.

Figure B -12 looks at the latches and their relationship to the counter values. TO is IME
channel 1. T1..2, are bits 0..1 on the channel 1 latch outputs. T3..5 are the same signals
on channel 2. T6 is the clock input to the counter, T7 is bit 0 of the counter. The Tx to
To time measured between the rising edge of bit 0 on the counter and bit 0 of the latch
outputs is 12 ns. This is the propagation delay across the latch chips. This obviously
imposes a limit on the frequency ofthe clock that can be used to drive the counter. The
maximum clock pulse width must be just over half the propagation delay on the latch
since the pulse width of bit 0 of the counter is twice that of the clock. For the devices
currently used this would be approximately 83 MFIz. Since, as described above, the
maximum delay between signals is 40 ns, and the pulse width of counter bit 0 is 80 ns,

the error between the two latched values is never greater than 1.
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Figure B-12. The relationship between the latches and the counter values.

False edges are seen on counter bit 0 where the level rises and goes high for 4ns. These
errors have no effect on the data as they are not of sufficient duration relative to the
propagation delay if they occur in the middle of a low signal level. They can cause
errors when the false edge extends a counter pulse. Figure B-13 shows how complex it
has been observed relationships between waveforms at the counter and latches can
become. First there is the 40 ns delay between the channel 1 and 2 inputs, TO and T3.

This results in the count value recorded on channel 1 being 1 less than that on channel 2.
Here bit 0 of the latch, T4, has gone high by the time that T3 goes low to latch the
value. Now also note that on T7, counter bit 0, there is a 4ns high level error which
coincides with the falling edge of bit 2 of the latch outputs. This has the effect of
extending the signal on T1 by 4ns. Obviously this is another source of error as in the
wrong place it could mean a random one bit error where the bit could in any position.

Detection of this type of error is problematic since it will have the same effect as noise
when the bit is in the low nibble ofthe low byte, i.e. the latched error value will be in the

same range as the correct value, the previous will be lower and the subsequent higher.
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Figure B-13. The relationship between the signals at the counter and the latches.
The error is less likely to effect the higher bits in the latch as they change less
frequently, of course if edges did coincide between the latching signal and the extended
counter pulse then the value would be massively out ofrange. This was not observed in

the data examined for errors.

Figure B-14 shows the shape of the shape of the signal on bit 0 of the counter. The
small peak highlighted is obviously the source of the problem and seems to be part of
the general shape ofthe wave. An increase in the variable magnitude ofthis peak above
the logic 1 threshold causes the error. Figure B-15 shows the signal propagation across
the channel 1 latch. The latch outputs are the odd T numbers, and inputs are the even T
numbers. TO is the clock signal, T15 the latching pulse. The error pulse was not seen.

Propagation time across the latch in this case was 16 ns. Looking at the latches of the
other’Channels gave a similar picture. The propagation time observed was variable
between 8 & 16 ns. This has implications for the data collection method. If the data
collection computer or device reacts to the encoder pulse faster than the propagation

time to and across the latch, the collected data will be indeterminate as the latch will not
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have become stable. This was the case with the first data capture interface design and

gave rise to the second type of error described in the previous section.
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Figure B-14. The shape of the signal on bit 0 of the counter

(Analyzer)f Waveform MACHINE 1 ](Acq. Control) (Print) (Group Run)

(Accumulate (TCOUNT) x 101010101010101 1 f Center

1 off J(Binary )0 ->(0000000000000000 [ Screen ,

f sec/Div Delay "( Markers X to 0 (Trig to x) 1Trig to 0O
I 20 "SJ 1 0 Sj I Time 16.00 ns J (-16.00 nsj | 0 S

TCOUNT
TCOUNT
TCOUNT
TCOUNT
TCOUNT
TCOUNT
TCOUNT
TCOUNT
TCOUNT
TCOUNTI10
TCOUNTL1
TCOUNT12
TCOUNTI 3
TCOUNT14 L
TCOUNT15

O a0 WN

Figure B -15. Signal propagation across the channel 1 latch.
The complete 16-bit latch for each channel is made up of four discrete 4-bit devices.

The propagation time of the encoder signal to each of these components is another

B-20



possible source of error. The signal should reach all the latches simultaneously,
particularly as there are two latch pins on each ofthe four devices in each latch. Figure
B-16 shows this signal and the relationship of its arrival on each latch pin. TO is pin 1
of'the low nibble, T1 pin 2, T2 pin 1 ofthe next nibble and so on. The reason for the 4
ns delay between TO, T7 and the other signals can be seen in figure B-17. The falling
edge which triggers the latch takes 13ns to fall. The various latches in the worst case

will each choose a separate point on this edge to trigger. The error due to this will not

be more than one counter cycle.
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Figure B-16. Latching signal propagation across latch enable pins

At the end of the development of the interface circuit the whole of the signal path had
been investigated with the logic analyser. The sources of all the errors seen in the data
record had found and accounted for. The +/- 1 clock cycle error which remained had
also been determined as part ofthe basic mechanism ofthe circuit related to the various

component’s propagation delays.
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Figure B-17. The 13ns taken for negative edge of the encoder signal to fall to zero
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Appendix C

Data capture interface circuit schematics



C. Data capture interface circuit schematics

This appendix contains a block diagram and circuit schematics for the data capture interface
circuit board.
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ABSTRACT

This paper describes the operating principle and construction of a new type of rotary motion sensor. This novel optical device
is based on a patented evolution of the high precision optical shaft encoder. It integrates highly accurate measurement of the
angular position and two dimensional centre position of a rotating shaft. The current work described is aimed specifically at
using this sensor for monitoring the condition of rolling element bearings. The process by which the output from four
stationary, non-contact, fibre optic sensing heads can scan a coded disk coupled to a shaft and derive its centre position to ~30
nanometres at an angular resolution 0f-0.0005 min is explained. The design and implementation of the computer architecture
to which the sensor is interfaced via noise immune fibre optic links and the algorithms which underlie the processing software
are examined. Initial results obtained from development tests carried out with the sensor far are presented. The integration
of three dimensions of motion in a single instrument has yielded high resolution measurements of shaft centre movements.
These movements are directly related to the condition of the bearing supporting the shaft and so should offer a much clearer
picture for condition monitoring than measurements made conventionally by sensors on the machine casing.

1. INTRODUCTION

In modem, highly automated, process industries predictive maintenance has become the prime method of avoiding costly
unscheduled production stoppages due to machine breakdown. The basis of a successful predictive maintenance strategy is the
condition monitoring of equipment through the selection, measurement, and trending of a critical machine parameterl
Monitoring of this parameter allows detection of the graduaTdeterioration of key components without the physical examination
of the individual component. This allows optimal employment of maintenance resources by ensuring that only necessary repairs
and replacements are conducted. Downtime of equipment is thus reduced and maximum economic use is gained from
components designed with a certain wear lifetime.

There are many parameters which can be measured, dependent on the type of machine and component to be monitored.
For rotating machines, from large turbo-generators to small scale machine tools the key components are the rolling element
bearings which support shafts and spindles. These bearings consist of an inner race fixed to the shaft, an outer race fixed into
the machine housing and a number of rolling elements in the space between the two races. Bearing failure is due to surface
defects which appear on one or more of these components due to wear. All bearings excite then supporting structures at certain
natural frequencies related to shaft speed and the physical nature of the bearings. Defects on the bearing elements change these
frequencies. The parameter by which the condition of these bearings is most commonly monitored is therefore vibration2.
Vibration can reveal component imbalance, misalignment and bent shafts as well as bearing defects. The term vibration, used
in this context, covers the three parameters displacement, velocity and acceleration.

Wear debris analysis is also used to monitor bearing conditions. In this method it is the analysis of the size, shape and
number of particles in the bearing lubricating oil that provide an indication of the condition of the rolling contact surfaces of
the bearings. Due to the need for oil to be removed for laboratory analysis, collection of data for this method cannot be
automated or considered as part of a real-time approach.

Conventionally measurement of the selected vibration parameter is by means of analogue electro-mechanical sensors placed
on the machine casing. The choice between acceleration or velocity sensors is made based upon the calculated failure
frequencies for the bearings to be monitored. Each parameter works best over a given frequency range3. The raw vibration
signal from a single point on a machine is not sufficient information on it own. A vibration needs to be measured at several
carefully selected points and in several directions so that the combined signals can be analysed into the basic components of
the complex raw waveform. If the raw signal does not contain the frequency components that are representative of a fault
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condition no amount of signal processing or analysis will reveal that condition. Therefore the location and direction of
measurement are critical for acceleration and velocity sensors. The signals measured remotely on the machine casing are also
subject to attenuation and distortion. This is particularly the case where the machine speed, and hence the vibrational energy
due to any bearing defect, is low.

Displacement sensors produce a signal that is proportional to the displacement of a shaft relative to its mountings. Itis a
realization of a new type of this form of sensor that this paper describes. Proximity measurement of shaft displacement should
be preferable to remote velocity or acceleration sensing. Shaft displacement increases with bearing deterioration but vibration
velocities measured on the bearing housing may not always be sensitive to this increase. Unfortunately, conventional
displacement spectra can miss a great deal of bearing health information, suppressing much of the spectral content relevant to
defects at low frequencies. Although there are existing sensors based on capacitive, magnetic and reluctance principles, the
type most commonly found in use, the proximity probe, is based on the eddy current principle. The probe sets up an eddy
current between itself and the shaft, as the shaft moves relative to the probe, the eddy current changes modulating the output
voltage. Fibre optic probes have also been developed in which laser light is shone from the tip of the probe and the gap is
measured by the amount of reflected light picked up. Used in this way the proximity probe is only capable of measuring gap,
nothing else. Methods of using proximity probes for more complex bearing condition monitoring have been described45 in
which the elastic deformation of the outer race is measured and used to detect bearing element flaws.

Our new device, the incremental motion encoder (IME), extends the use of displacement measurement as a condition
monitoring technique. It allows displacement to be related to angular position to an unparalleled degree and increases
substantially the useful bandwidth over which measurements can be taken. Itis also a 100% digital device with no analogue
to digital conversion step. This allows noise immune optical fibres to carry its output signal directly from the point of
measurement.

2. THE HIGH PRECISION OPTICAL SHAFT ENCODER PRINCIPLE

The incremental rotary optical shaft encoder (OSE) is a device commonly found in industry and is used for the measurement
of angular position and angular velocity6 In its simplest form, illustrated in figure 1., it consists of a radial optical grating disk
coupled to the shaft and a single read head mounted on the shaft housing.

The read head consists of a
light source, usually an LED, on
one side of the disk projecting a

Signal period
90 d«ini phiat ihlft

beam of light onto a set of photo- Optical Orating Bead-head
electric cells on the other side. |
As the shaft turns, the optical Disk

grating on the disk interrupts the

beam and the output of the photo-

cells comprises a train of pulses Shaft

corresponding to the passage of

spaces in the grating past the

beam, PCi & PC2. Commonly

two photo-cells are arranged in

the read head so that their output

signals have a 90° phase JT™ 3
difference as shown. This phase

difference indicates the direction

of shaft rotation. A third signal,

PC3 generated once for each i

rotation of die disk, is used as a Figure 1. Optical shaft encoder output signal interpolation.
position reference. These signals

are shaped by Schmitt triggers



incorporated in the read head to give the square wave signals ST P2 which form the output signal of a simple encoder. Angular
displacement and velocity are then simply detennined by the counting of these pulses.

For high precision angular measurement applications however the measuring step given by the actual grating line spacing
is insufficient. High precision optical shaft encoders are therefore based on the principle of interpolation. As it is not
technically feasible to use an optical grating with the line spacing necessary for resolutions of 0.001° or better, interpolation
is used. This may be an analogue or digital process depending on the accuracy required. Using vectorial addition resistor
networks within a read head can produce additional phase shifted signals from the photo-cell outputs. In figure 1. the signals
T11A3 represent the result of 18° phase shifted signals producing a 5x interpolation of the original output. The output signals have
five times the frequency of the input signals and twenty edges are produced for each grating spacing. Digital interpolation
allows for the highest possible subdivision of the grating spacing. The analogue signals from the read head are converted to
digital voltage values, an external or embedded microprocessor then acts as an arc-tangent calculator which uses the result of
the quotient PQ/PQ to pick the matching interpolation value from a look-up table. Interpolation of 1024x on a 36000 line
grating allows a measuring step of 0.00001° is achieved in this way.

Due to their degree of angular accuracy, high precision encoders are particularly susceptible to shaft axial eccentricity and
angular vibration as a source of error. Precise couplings between encoder and shaft are therefore used to limit these errors,
but precise mechanical transfer of the motion of the shaft to the encoder without error is not possible. Within the conventional
high precision encoder the use of a second read head allows compensation for these errors. Encoders with digital interpolation
have four read heads which together allow for a positional correction prior to interpolation. As will be explained the IME uses
four read heads in an analogous manner to provide the angular data used to resolve shaft centre position.

3. THE INCREMENTAL MOTION ENCODER PRINCIPLE

Recent work with precision encoders for the control of grinding machines7 produced the idea of a sensor, the IME, which
would use shaft centre position measurements as a vibration monitor. A method has also been developed for producing the
high degree of angular accuracy required from a optical grating of relatively low resolution.

3.1 Time base interpolation

The basis of the high angular accuracy of the IME is the use of time base interpolation. Rather than count the edges of a
encoder output wave in the time duration of a sample period, figure 2a., the IME uses a precision clock oscillator to generate

a time base which is sampled at the equal intervals of angle represented by the period of the encoder measuring step, figure
2b.

Equal interval of time = Sampling period

Using this method the size of the smallest a-
interpolation step is limited only by the frequency of
. . . - Encoder
the time base oscillator, taking the ability to count
. N L output
high frequency edges as a limiting factor. This is wavetrain

however a dynamic interpolation method, the number
of interpolation steps N is given by:

N = Li- O b
s rps x G
Clock 5999999999999988

oscillator

F,h= frequency of the time base. wavetrain

rps = rotations per second of the encoder disk.
G = number of grating lines on die encoder disk. . L.
& & Equal interval of angle = Encoder grating interval
The above equation shows that despite its Figure 2. Time base interpolation.
theoretical accuracy the IME cannot measure point to



point angular rotation in the manner of a conventional precision encoder with any more than the actual resolution of its disk.
With the relatively high speed rotating machines this device is aimed at monitoring, this accuracy is generally sufficient. The
high degree of angular accuracy given by the sampled time base value is only available to the system internally to derive the
position of the shaft center.

The use of time base interpolation results in the ability of the IME to produce highly accurate measurements of angular
velocity precisely related to angular position. Conventionally the angular displacement measured within one sample period will
be accurate to +/- one encoder measuring step and the velocity calculated will not bear a relationship to angular position. By
using the angular distance of the measuring step, averaged to account for interslot errors, and the time base value recorded over
this angular distance, the IME is capable of resolving changes in the angular velocity which occur between measuring steps.

3.2 The IME interface circuit

To produce the time base interpolated angular measurements which can be processed by a computer system a special
interface circuit is required to form the lurk between the computer system and the IME outputs. This circuit is simple in
construction and is shown schematically in figure 3. below. A precision clock oscillator (1) drives a free running synchronous
counter (2). Four identical latches (3) are joined to the counter by a bus (4). Their activating pins are connected to the square
wave outputs of each encoder read head, their output pins are connected to the computer system. The falling edge of the
incoming square wave from each of the four encoder read heads latches a count value onto its respective latch representing the
exact time it arrived at the latch. The computer system is signaled that data is waiting on the latch by the same falling edge.
It can then collect the latched count for storage in a memory table. The difference between successive values gives the time
base interpolation count. The current experimental circuit is constructed using a counter and latches which are 16-bits wide
and a 24 MHz oscillator.

IME square wave outputs Latched counter values

B8+D

IL-ru -1_n f§ ff

Latch@)nM 1P

Precision Synchronous
oscillator (1) counter (2)

Figure 3. IME interface circuit.



3.3 Method of shaft centre position calculation

Figure 4. below illustrates the way in which the IME calculates the shaft centre position. The device is constructed with
four read heads spaced at 90° intervals around the circumference of an optical grating disk, marked A - D. Each diametrically
opposed pair of read heads is used to calculate the position of the shaft centre along the perpendicular bisecting the diameter
joining them. Consider the read head pair A and B, distance / microns apart. If the centre of the shaft X is in line with the
two read heads at the point X’ then the difference between the angular position measurement derived at A and that at B, 0, will
be reradians. Assume then that X is displaced to the left as shown in the figure 4. In this case the angle 0 will no longer be
n. The shaft centre displacement from X’ to X, D is given by:

I
c) @

This is an approximation which can be made for centre displacement of the order of tens of microns if the disc is of the order
of tens of millimeters in diameter.

Figure 4. Shaft centre position calculation.



Each pair of diametrically opposed read heads provides the position of the shaft centre in a single dimension. Together the
angular measurements from four as shown allow the shaft centre to be located in two dimensions. The error in this calculation
due to the radial movement of the sensors can be eliminated by an iterative method once the initial estimate for the
displacement of the encoder disc centre has been found. A detailed analysis of the trigonometry shows that three read heads
spaced at 120° would be sufficient to allow the disk centre position to be calculated. This method would however require far
more computation as a complex sine cosine relationship would then need to be evaluated . Our industrial collaboration with
Muirhead Vactric Components Limited, a manufacturer of encoders, has also revealed that the production of accurately placed
diametrically opposed read heads is significantly easier. This allows conventional techniques to be used for the production of
the read head optics.

3.4 Relative angular position calculation

As described, the computer system receives from each output of the IME interface circuit a series of counter values, one
for each line on the encoder grating disk. From these the angular difference between read heads is calculated. The start of
data collection from all four reads heads is synchronised by the once per revolution signal of the encoder disk taken from the
output of one read head. From this point the successive comiter values are stored in a four column table in memory. Each
row consists of two pairs of values from the diametrically opposed read heads. The row number indicates the angular position,
at intervals of the encoder grating line spacing, from which the readings were taken. At any one of these positions the angular
difference between the pairs of read heads should be /xradians if the disk is centred. The diameter joining the read heads will
be a grating line position which will have latched the two counter values in the table simultaneously at both corresponding
interface circuit latches. In this case the numerical difference between pairs of values in each row will be zero. When the disk
is off centre the angular difference between the read head pairs will be 0. Counter values at the same angular position,
indicated by their row number, in the table will now be different. The grating line passes each read head at a different point
in time and therefore latches different counter values. This difference in time is used to find the precise angular difference
between the read heads by means of time base interpolation.

Figure 5. shows a graph of angular position against time for read heads A and B with the format of the memory table inset.
In this example A is shown to be leading B as would be the case from figure 4.

Angular position in encoder

grating line increments.
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Grating line Angular Latched counter nlues
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Figure 5. Calculation of relative angular position by time base interpolation.



At angular position n time value TrAis less than TrB To find % the difference in angular position at this point, the angular
position measured by B at TPAmust be found by interpolating between the values n and n - 1 measured by A. Assuming a
constant angular velocity over the distance n - 1 to n, the difference in time measured between TrAand TIB TdIL will bear the
same percentage relationship to the line to line time TrB- T,.IBas %bears to the encoder grating line spacing, n - n - 1. This
allows % to be found. 0 is then given by the straightforward relationship:

0="5-% 3)

The above algorithm, which is used in the current processing software, is a simple interpolation between two points. To
increase the margin of accuracy interpolation could be performed between a greater number of points using more complex
methods.

4. COMPUTER ARCHITECTURE
4.1 Conceptual architecture

The computer architecture required to support the IME is functionally divided between data collection and data processing,
analysis and display. As shown schematically in figure 6. below each output channel of the IME interface circuit is
independently interfaced to the computer system which performs the measurement calculations by a data collection unit (DCU).
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units interface data
displays
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processing
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Figure 6. Conceptual computer architecture.

Figure 7. shows the functional components which make up a DCU. A parallel interface (PI) is used to link the latches of
the IME interface circuit to the data bus of the DCU. The count values are read from the PI into the dual port FIFO memory
of the DCU under the control of the memory management unit (MMU) responding to the falling edges of the IME output. The
processing computer system sees the counter values across the shared memory interface as the four column table described
above. The start of data collection is synchronized by die once per revolution signal from one read head. Use of this signal
allows the data collected to be precisely related to shaft angular position externally. After it has been set by the computer
system the DCU which receives this input signals the others via the shared memory interface. The number of counter values
required is written to all the MMUs and they fill the data table accordingly. Data collection then stops and the values in the



table are then processed to give values for displacement and angular velocity. The user has control of the collection and display
of this data via a graphical user interface (GUI). The system can gather data continuously, averaging the resulting values for
display or writing them to disk for historical analysis.

Parallel Menory Local / Global HRO
interface management memory storage
unit
Data bus Data bus
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IVE square wave output

Latched interface circuit
counter values

Figure 7. Data collection unit.

4.2 Implementation of experimental architecture

The conceptual architecture and operation outlined above are capable of being implemented in various ways with different
physical components. The system, IME interface and processing computer, could be produced entirely as an ASIC device.
Embedded with the encoder this would produce a compact sensor. This is a long term production objective of our industrial
collaborators. At the initial experimental stage we are using discrete proprietary components. The function of a DCU is
essentially that of a DMA controller and a system could be composed around such components and simple dual port FIFO
memory chips if it were to be built from scratch. We have implemented the DCUs with four monoboard MC68000 computers
joined on a VME bus to global memory. Each board has a parallel interface and local memory with the processor acting as
the MMU. The IME interface circuit is made up from FAST TTL components and is housed in the same enclosure as the VME
bus. A fifth processor on the VME bus acts as bus controller, reading the data collected out of the global memory and
transmitting it to a UNIX workstation. Here the data processing program runs under an Xmotif user interface. The program
runs under UNIX mainly as it is still under development. Later, to produce a portable system with which to conduct field trials
of the system, we shall port this program to a PC platform.

5. EXPERIMENTAL PROTOTYPE INCREMENTAL MOTION ENCODER

Three different prototype IME devices have been constructed so far in the course of the project. The first, with only two
read heads, was an adaptation of a standard production model from Muirhead Vactric. This allowed testing of the basic
concept. The second prototype was constructed from standard kit encoder parts. It has four photo-electric read heads and
allowed initial testing of the system. During the use of this device it was found that despite its wholly digital nature the sensor
was affected by electrical noise. This was due to the sensitivity of the latches on the IME interface to false edges on the
encoder outputs. Despite shielding, it was found that joining the encoder to the interface was problematic due to this problem
when the system was used near sources of electrical noise. Embedding the system as an ASIC within the encoder as a single
shielded unit, thus eliminating the cable link was considered as a possible alternative solution. However, as we will almost
certainly develop the processing architecture further, this was not feasible. The use of fibre optics to produce a noise immune
link was the next obvious choice. The use of fibre optics also opens the prospect of increasing the number of degrees of



freedom that the IME could be able to measure. If two devices were to be coupled to the ends of a single shaft, their two sets
of output signals could feed back to an interface circuit with eight latches referring to the same counter time base. Comparing
the two sets of angular positions and velocities would allow measurement of the torque along the shaft. This would require
a large length of cables and freedom from noise would be critical.

A sideways section diagram of the optical fibre prototype is shown in figure 8. below. It consists of two circular metal
plates which hold the fibres relative to the grating disk sandwiched between them. The encoder works on a light in, light out
principle with no active devices within the disk housing. All the emitter detector electronics are mounted on remote circuit
boards mounted in the VME bus housing. The light source is a 660nm LED and the fibre is a Imm polymer. The detector
is a pin photodiode driving directly into a trans-impedance amplifier followed by a digitizing circuit and a line driver. This
gives the square wave output that feeds into the IME interface circuit. The disk is glass with a chrome pattern of 128 counts
per turn. As this pattern is coarse it can be resolved by the fibres themselves without the need for relatively expensive lenses
or gratings. Addition of these components would allow higher resolutions. Each of the four read heads has a single emitter
fibre in the top plate the light from which is picked up by two detector fibres in the base plate. One fibre, outside the
circumference of the disk acts as a reference which the output level of the second is compared to by the remote digitizing
circuit. This second fibre detects the passage of the grating lines. One read head has a third detector to pick up the once per
revolution signal. Figure 9. illustrates this configuration.
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Figure 8. Prototype optical fibre IME. Figure 9. Detector fibre configuration.

6. INITIAL EXPERIMENTAL RESULTS

As the IME is a completely new type of sensor, interpreting the data it produces requires a new approach. The output, of
displacement values at angular position increments, needs to be conditioned in a manner not yet fully developed before the
conventional frequency analysis techniques can by applied. Full experimental testing of the IME has not yet been carried out.
It is intended that a comprehensive set of tests will be undertaken to gain a detailed understanding of the IMEs ability to
accurately detect bearing defects. We will then be able to make direct comparison of this method with the abilities of
conventional sensors. A testrig has been constructed for this purpose in which different bearings can be mounted onto the shaft
carrying the IME. This is illustrated in figure 10. So far only development tests have been carried out during the
implementation of the computer system software. These have shown that the device gives results in the manner expected.
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Figure 10. Experimental IME test rig.

The ability of the IME to produce high resolution measurements of angular velocity is shown in figure 11. below. This plot
of angular velocity covers a single rotation with a duration of 0.05s. A regular angular vibrational waveform is clearly
superimposed on an equally clear sinusoidal wave with a period equal to one rotation. The angular vibration has a constant
period of 1/25th of a rotation and an amplitude which varies over the rotation. One of the strengths of the IME is its ability
to directly relate the points of greatest variation to the precise angular position at which they occur. This combined with other
parameters could be used to determine imbalance and shaft - housing rub.
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Figure 11. Angular velocity measured over a single rotation.

To test the ability of the system to measure displacement as it is expected to be able to do, a simple test using angular
contact bearings was performed. Angular contact bearings are designed with a certain amount of play to accommodate shaft
thrust. At one extent inner and outer races clamp tightly around the rotating balls. At the other there is a measure of freedom
between the outer race and the ball cage. If the system was to perform as designed, it would have to be able to detect the
difference between these two states. This is a simple simulation of an badly mounted shaft or the change between new and
worn bearings. The bearings used in the test rig for this experiment were RHP 7202 BETN 40° angular contact ball bearings.
They were new with no induced defects.

Figure 12. shows the resulting screen output taken from the system when the bearings were tightly adjusted. The
displacement values measured by the two opposing pairs of read heads traces are shown plotted against each other. The data
is from twenty five rotations, each of which has been superimposed. This has been judged a better way of estimating average
position, at least initially, than a simple average of all the data. Each point represents the position of the nominal shaft centre



as if it were the actual centre of the optical disk. As in this case we are looking at the change in centre position the
displacement due to disk eccentricity is not averaged out. The traces show a high degree of coincidence. All are broadly
concentric about the same point and the divergence of their diameters is ~lpm.
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Figure 12. Displacement measured from a tightly adjusted angular contact bearing.
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Figure 13. Displacement measured from a loosely adjusted angular contact bearing.

This contrasts sharply with the result of loosening the bearing, measured by the system and shown in figure 13. The
increase in eccentricity is obvious, although the actual magnitude of displacement does not appear to increase. The divergence
of successive traces produces the braided pattern apparent in the upper left and lower right of the graph. This pattern is due



to the cyclic nature of the shaft displacement. The most extreme point in this region of the graph moves from trace to trace,
reflecting the movement of the balls between the inner and outer races.

To test the ability of the system to detect bearing defects we have so far only made one simple test, contrasting the results
from a new bearing with those from a bearing with an induced defect. The system averages the displacement due to grating
disk eccentricity and takes this average from the original value. This gives a measure of the displacement of the shaft due to
the movement of the bearings. An SKF NJ202 single row roller bearing was used for this test. Figure 14. shows the graphical
display of this data from the bearing without the defect. Figure 15. is taken from a bearing with a ~Imm flat ground onto the
inner race. The difference is quite marked. The defect has produced a distinct frequency on top of the original. This is a very
encouraging result as it corresponds to what we would expect. Further work is required to produce a detailed analysis of the
frequency spectrum of this output.
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Figure 14. Displacement measured from an unmarked bearing.
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Figure 15. Displacement measured from bearing with defect.



7. CONCLUSIONS
A new type of sensor, the incremental motion encoder, has been developed. The IME is a sensor that is intended to provide
more information on bearing condition and shaft rotary movement than any single conventional sensor. Integration of the
measurement of angular velocity and shaft centre displacement with precise angular position enables an extension of vibration
analysis. Initial results have shown that the sensor is able to make the raw measurements expected.
To produce a viable diagnostic system based on this sensor will require further work based upon detailed analysis of the
results of a comprehensive series of tests. This work will require the development of the processing algorithms that take the

raw data and produce the interpretable measures of bearing condition. These will be validated by field trials of the sensor in
a industrial setting.
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ABSTRACT

Condition monitoring of many types of rotating machinery depends largely on an
accurate assessment ofthe state ofrolling element bearings. This paper describes a
novel optical rotary motion sensor which integrates highly accurate measurement
of the angular position and two dimensional centre position of a rotating shaft.
These high resolution measurements of shaft centre movements are directly related
to the condition of the bearings supporting the shaft and should offer a much
clearer picture for condition monitoring than measurements made conventionally
by sensors on the machine casing. The paper outlines the principle and
construction of the device and the design and implementation of the computer
architecture it is interfaced to. The current work being undertaken to interpret the
raw data from the sensor's initial development tests is presented. The principle of
the sensor has numerous other potential applications in the field of machine control
and monitoring. These include feedback for automatically controlled bearings,
measurement of shaft loading, torque and rotating tool wear. All using the same
integrated sensor package.

1. INTRODUCTION

Monitoring the condition of critical components within industrial plant machinery
as the basis of a predictive maintenance strategy has become the prime method of
avoiding costly unscheduled production stoppages due to machine breakdown

Detection of the gradual deterioration of key components allows maintenance
resources to be optimally employed, downtime of equipment is reduced and
maximum economic use is gained from components designed with a certain wear
lifetime [1]. Rolling element bearings which support shafts and spindles are the key
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components within many rotating machines. Their deterioration and failure is due
to surface defects which appear on the bearing’ internal elements due to
progressive frictional wear. All bearings excite their supporting structures at
certain natural frequencies related to shaft speed and the physical nature of the
bearings. Defects on the bearing elements change these frequencies and therefore
the parameter by which the condition of these bearings is most commonly
monitored is vibration [2], Used in this context the term vibration covers the three
parameters displacement, velocity and acceleration. The choice between vibration
parameters is made based on the calculated failure frequencies for the bearings to
be monitored as each parameter works best over given a frequency range [3].

Acceleration and velocity are measured conventionally with analogue electro-
mechanical sensors placed remotely on the machine casing. Signals measured in
this way are subject to attenuation and distortion, particularly when the machine
speed, and hence the vibrational energy due to any bearing defect is low.
Consequently the location and direction of measurement are critical if the complex
raw waveform, containing the frequencies representative of a fault condition, is to
be correctly recorded.

Direct measurement of the displacement of a shaft relative to its mountings should
be preferable to remote velocity or acceleration sensing as it eliminates the
problems associated with sensor placement. Shaft displacement increases with
bearing deterioration but vibration velocities measured on the bearing housing may
not always be sensitive to this increase. Unfortunately, conventional displacement
spectra, measured with proximity probes, can miss a great deal of bearing health
information, as much of the spectral content relevant to bearing defects is
suppressed.

Our new device, the Incremental Motion Encoder (EME), extends the use of
displacement measurement as a condition monitoring technique. It allows
displacement to be related to angular position to an unparalleled degree and
increases substantially the useful bandwidth over which measurements can be
taken. It is also an optical, non-contact, 100% digital device with no analogue to
digital conversion.

2. THE HIGH PRECISION OPTICAL SHAFT ENCODER PRINCIPLE

The incremental rotary Optical Shaft Encoder (OSE) is a device commonly used in
industry used, for the measurement of angular position and angular velocity. For
high precision angular measurement applications which require resolutions of
0.001° or higher, it is not technically feasible to use an optical grating with the
necessary line spacing. High precision optical shaft encoders therefore use the
principle of interpolation. This is an analogue or digital process, depending on the
accuracy required, and produces additional phase shifted signals from the encoder
outputs. For example an 18° phase shifted signal produces a 5x interpolation of the
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original input. The output signals have five times the frequency ofthe input signals
and twenty edges are produced for each actual grating spacing. Digital
interpolation allows for the highest possible subdivision of the grating spacing.
Interpolation of 1024x on a 36000 line grating allows a measuring step of 0.00001°
to be achieved in this way [5].

Due to their degree of angular accuracy, high precision encoders are particularly
susceptible to shaft axial eccentricity and angular vibration as a source of error.
Precise couplings between encoder and shaft are used to limit these errors, but
precise mechanical transfer of the motion ofthe shaft to the encoder without error
is not possible. Use of a second read head within the conventional high precision
encoder allows compensation for these errors. Encoders with digital interpolation
have four read heads which together allow for a positional correction prior to
interpolation. As will be explained the IME uses four read heads in an analogous
manner to provide the angular data used to resolve shaft centre position.

3. THE INCREMENTAL MOTION ENCODER PRINCIPLE

Recent work with precision encoders for the control of grinding machines [6]
produced the idea of a sensor, the IME, which would use shaft centre position
measurements as a vibration monitor [7]. A method has also been developed for
producing the high degree of angular accuracy required from an optical grating of
relatively low resolution. In its construction, data collection method and
calculation algorithms the IME differs markedly from a measurement system with a
broadly similar basic principle developed for torsional vibration measurement [8].

3.1 Method of shaft centre position calculation

Figure 1. illustrates the way in which the IME calculates the shaft centre position.
The device is constructed with four read heads spaced at 90° intervals around the
circumference of an optical grating disk, marked A - D. Each diametrically
opposed pair of read heads is used to calculate the position of the shaft centre
along the perpendicular bisecting the diameter joining them. Consider the read
head pair A and B, distance / microns apart. If the centre of the shaft X were in
line with the two read heads at the point X ’then the difference between the angular
position measurement derived at A and that at B, 6, will be n radians. Assume then
that X is displaced to the left as shown in the figure 1. In this case the angle 0 will
no longer be n. The shaft centre displacement from X ’to X, d is given by:

(n- 0)1
d = 1
oy, ( )

This is an approximation which can be made for centre displacements of the order
oftens ofmicrons ifthe disc is ofthe order of tens ofmillimeters in diameter.
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Figure 1. Shaft centre position calculation.

Each pair of diametrically opposed read heads provides the position of the shaft
centre in a single dimension. Together the angular measurements from four as
shown allow the shaft centre to be located in two dimensions. The error in this
calculation due to the radial movement of the sensors is made negligible by an
iterative method once the initial estimate for the displacement of the encoder disc
centre has been found. A detailed analysis ofthe trigonometry shows that three
read heads spaced at 120° would be sufficient to allow the disk centre position to
be calculated. This method however requires far more computation as a complex
sine cosine relationship would then need to be evaluated . Our industrial
collaboration with a manufacturer of encoders has also revealed that the
production of accurately placed diametrically opposed read heads is significantly
easier. This allows conventional techniques to be used for the production of the
read head optics.

3.2 Time base interpolation

The basis of the high angular accuracy of the IME is the use of time base
interpolation. Rather than count the edges ofthe encoder output wave in the equal
time duration of a sample period as conventionally, figure 2a., the IME uses a
precision clock oscillator to generate a time base which is sampled at the equal
intervals of angle represented by the encoder grating interval, figure 2b.
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Figure 2. Time base interpolation.

This allows the sub-division of the measuring step to be limited only by the
frequency of the time base oscillator, taking the ability to count high frequency
edges as a limiting factor. This is however a dynamic interpolation method, the
number ofinterpolation steps N is given by:

N = —~ — 2
rpsx G @

F b= frequency ofthe time base, rps = rotations per second of the encoder disk, G
= number of grating lines on the encoder disk.

The above equation shows that the IME cannot measure point to point angular
rotation in the manner of a conventional precision encoder with any more than the
actual resolution of its disk. The high degree of angular accuracy given by the
sampled time base value is used by the system internally to derive the position of
the shaft center by interpolation between angular values recorded from opposite
read heads. A simple linear interpolation algorithm, detailed in [4], is then used to
apply equation (1) to calculate displacement from each pair of corresponding
angular values.

To produce the time base interpolated angular measurements in a form that can be
processed by a computer system a special interface circuit is required to link the
computer with the IME outputs. This circuit consists of a precision clock
oscillator driving a single free running synchronous counter joined to the input pins
of four identical latches by a bus. The activating pins of the latches are connected
to the square wave outputs of each encoder read head and their output pins are
connected to the computer system. The falling edge ofthe incoming square wave
from each of the IMES four read heads latches a value from the counter onto its
respective latch representing the exact time it arrived at that latch. The computer
system is signaled that data is waiting on the latch by the same falling edge and the
value is then collected and stored in a memory table with a column for each read
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head. The position in each column gives the angular displacement, the difference
between successive values in each column gives the time base interpolation count
for that read head. The current experimental circuit is constructed using a counter
and latches which are 16-bits wide formed from FAST TTL logic chips, together
with a 24 MHz oscillator.

The use of time base interpolation results in the ability of the IME to produce
highly accurate measurements of angular velocity precisely related to angular
position. Conventionally the angular displacement measured within one sample
period will be accurate to +/- one encoder measuring step and the velocity
calculated will not bear a relationship to angular- position. By using the angular
distance of the measuring step, averaged to account for interslot errors, and the
time base value recorded over this angular distance, the IME is capable of
resolving changes in the angular velocity which occur between measuring steps.

3.3 Prototype IME devices

Two IME sensor prototypes have been constructed to test the principle outlined
above. One has been built using optical fibre technology to successfully prove the
ability of a sensor of this type to be made as an entirely optical device [4], The
other uses standard commercially available Hewlett Packard kit encoder parts, four
read heads and a 1024 line grating disk.

4. COMPUTER ARCHITECTURE
4.1 Conceptual architecture

The computer architecture required to support the IME is functionally divided
between data collection and data processing, analysis and display. As shown
schematically in figure 3. each output channel of the IME interface circuit is
independently interfaced to the computer system which perfonns the measurement
calculations by a Data Collection Unit (DCU).
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Figure 3. Conceptual computer architecture.

The input to each DCU is composed of the square wave output directly from the
IME and the latched counter values from the interface circuit. Each DCU
comprises a parallel interface linking the latches ofthe IME interface circuit to the
DCU% data bus and an internal data management unit. The count values are read
from the parallel interface into the dual port FIFO memory of the DCU under the
control of the internal data management unit responding to the falling edges of the
IME output. The processing computer system sees the counter values across the
shared memory interface as the four column table described above. The start of
data collection is synchronized by the once per revolution signal from one read
head, shown received by DCU A. Use ofthis signal allows the data collected to be
precisely related to shaft angular position externally. After this signal the data table
is filled with a number of values equal to a whole number of rotations. Data
collection then stops and the values in the table are then processed to give values
for displacement and angular velocity which may then be analysed with digital
signal processing algorithms to detect bearing conditions. This architecture is
designed to allow the maximum data collection rate as data must be collected and
stored at the rate it is produced by the sensor, which is dependent on shaft speed.
Collection and display of data is controlled via a graphical user interface. The
system can gather data continuously, averaging the resulting values for display or
writing them to disk for historical analysis.



4.2 Implementation of experimental architecture

The conceptual architecture and operation outlined above can be implemented
using various components. For our experimental system we have implemented the
DCUs with four monoboard 16 MHz MC68000 computers connected via a VME
bus to global memory. Each board has a parallel interface and local memory with
the processor acting as the data management unit. These allow the system to
collect data at shaft speeds up to 8000 rpm from a sensor with a 1024 grating line
disk. The IME interface circuit is housed in the same enclosure as the VME bus.
A fifth MC68000 on the VME bus acts as bus controller, reading the data
collected out of the global memory and transmitting it to a UNIX workstation
where the data processing program runs under an XMotif user interface. A long
term production objective of our industrial collaborators is the production of the
IME interface and processing computer as an ASIC device. Embedded with the
encoder this would produce a compact sensor. The function of a DCU is
essentially that of a DMA controller and an intermediate system could be built
around such components and simple dual port FIFO memory chips on a PC card.
With the analysis program running on a PC this would produce a portable system
with which to conduct field trials in an industrial setting.

5. EXPERIMENTAL TEST RESULTS

The IME is a new type of sensor whose output needs to be interpreted in a way
which is not yet fully developed. We are currently engaged in research and
development aimed at determining the IME3} ability to detect bearing defects and
at the same time assess its other possible uses. The data which we derive directly
from the sensor, displacement in two dimensions and angular velocity, is
effectively sampled at equal intervals of angle rather than time. It is possible to
resample the data using the recorded time base values to derive the displacement at
fixed intervals of time, however this would remove the inherent positional
information. Consequently we have found it advantageous look at our data in
terms of angular position. A test rig has been constructed [4], which allows
different bearings to be mounted on a shaft in a test pillar which also supports the
IME. We have already been able to see that the sensor monitors sub-micron
relative motion of a shaft as the theory predicts. Work still needs to be done to
quantify the effect of possible sources of error in the system such as read head
misalignment, disk flexure and interslot errors.

The centre of the encoder disk is not expected to be coincident with the actual
centre of the shaft rotation. The point tracked by the sensor is the nominal centre
of'the encoder disk as it orbits around the actual centre of rotation. This orbit will
be modified by the motion ofthe actual centre and is measured relative to the zero
position indicated by the intersection of the diameters joining the read heads.

Figure 4a. is an output trace from the system with a tightly adjusted new angular
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contact bearing supporting the shaft in the test pillar rotating at 280 rpm. The
displacement values in microns from the two axes of measurement are shown
plotted against each other for a single rotation. Each ofthe 1024 separate points
on the trace is derived from the four digitally recorded time base interpolated
angular difference values described.
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Figure 4a. Figure 4b.

In figure 4b. the traces from 25 rotations show a high degree of coincidence.

Points from the same angular position plot within ~Ipm in each successive trace.

This degree of convergence is currently considered by us to be a good
macroscopic indicator ofrelative bearing condition As wear occurs the difference
the sensor will measure between the same point on successive rotations will
increase.

By changing the relative position of'the inner and outer races of an angular contact
bearing it is possible to increase the amount of freedom between the balls and the
outer race. We have used this as a way to simulate the possible condition of a
badly adjusted or grossly worn bearing. The output from the sensor monitoring
this condition has produced a very interesting set of results which may reveal
phenomena not previously seen with this detail Figure 5a. shows the braided net-
like pattern produced when 14 successive traces from the loosened bearing
rotating at 300 rpm are overlaid. The X and Y axes are displacement in microns as
before. Looking closely, it is clear that the pattern is formed from 7 distinct paths
traced by the shaft centre on successive rotations, each repeated twice. Our
interpretation of this is that each path represents a particular set of positions taken
up the bearing's internal elements during each rotation. The coincident parts of all
the traces are likely to be the points at which the shaft is naturally constrained by its
weight and the influence of the rest of the rig. At higher speeds complex motion
within a single rotation can be observed as the inner race and rolling elements
supporting the shaft skip and bounce against the outer race, shown in figure 5b, a
single rotation monitored at 630 rpm.



Figure 5a. Figure 5b.

Figures 4 and 5. have shown the data from the sensor with the eccentricity of the
disk included. To look for bearing damage our current approach is to remove this
eccentricity to leave the motion of the shaft about its average centre rather than
zero point ofthe sensor. An SKF NJ202 roller bearing was used in our initial test
ofthe ability ofthe sensor to detect an induced bearing defect. An ~lmm flat was
ground onto the inner race. Figure 6a. shows a trace recorded from the damaged
bearing rotating at 2700 rpm, axes units are as before. The nature of the fault on
the bearing is not apparent when the data is viewed like this. By averaging the
displacement at each ofthe 1024 angular positions over a series of 25 rotations an
approximation can be made for the path of the disk centre with disk eccentricity
removed, figure 6b.

We have started developing the analysis of this varying displacement signal by
using conventional signal processing techniques to look for the frequency
components related to bearing damage [2]. Figure 7. shows the frequency
spectrum resulting when a fast fourier transform is applied to the Y axis
displacement signal after the average has been subtracted. The RMS power of the
displacement is shown plotted against the frequency in cycles per revolution. The
sensor has picked up the inner race defect frequency quite clearly. Further work in
this area needs to be done to interpret all the peaks in the spectrum and determine
their sources. We specifically want to determine whether our sensor will be
sensitive to all bearing defect frequencies and what extra information we can obtain
by applying filters to the raw signal.
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6. CONCLUSIONS

The Incremental Motion Encoder is intended to provide more information on
bearing condition and multi-dimensional shaft movement than any single
conventional sensor. Initial results have shown the sensor is able to monitor shaft
motion as predicted theoretically by its design. It has also demonstrated an ability
to detect one type of bearing defect with minimal signal conditioning. We are
confident that ftirther work will develop the processing algorithms required to
produce a viable diagnostic system, able to produce interpretable measures of
bearing condition, based on this sensor.
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ABSTRACT

This paper describes the experimental use of a new type of optical sensor to detect rolling element bearing defects for the purpose
of condition monitoring. The incremental motion encoder (IME) is a patented development of the industrially proven technology
of the optical shaft encoder. It combines the measurement of angular position with that of two dimensional shaft centre position
to sub-micron accuracy. The operational principle of the IME is explained. Its high resolution measurements allow shaft motion
directly related to the condition of the supporting bearing to be sensed. This presents potential advantages over current bearing
condition monitoring sensors which monitor transmitted vibration in the machine structure. A model explaining the effect of a
bearing inner race defect on the IME signal is presented. Based on this model the statistical parameter kurtosis is proposed as a
method of detecting such defects from the IME signal. The results of experiments comparing the IME signal from a new
undamaged roller bearing with the signal from the same bearing with an induced defect are presented. These confirm the
application of the model to defect detection.

Keywords: incremental motion encoder, rolling element bearings, predictive maintenance, condition monitoring, kurtosis
1. INTRODUCTION

As industrial plant machinery has grown increasingly more complex and automated, predicting the failure of key machine
components has become a necessary method for avoiding costly breakdowns and maintaining safety, hi order to be effective this
approach, known as predictive maintenance, must be based on efficient analysis of accurate assessments of the condition of the
key componentsl. The performance of many rotating machines relies on the rolling element bearings supporting shafts, spindles,
gears and other components. The condition of these bearings is of critical importance in machines of this type. Due to various
operating factors such as lubricant contamination, shaft misalignment or improper loading, bearing service life may vary
considerably from manufacturers estimates, potentially leading to unexpected failures2. It has been estimated that only 10 to
20% of bearings reach their design life3. The monitoring of bearing condition is therefore extremely important to prevent
otherwise unpredictable machine breakdowns.

Bearing condition is most commonly monitored by measuring machine vibration4’3, although analysis of lubricating fluids for
wear products is also an important technique56. Vibration has the advantage of giving warnings about the presence of other
types of machine defects, such as misalignment or imbalance, as well as bearing damage. Alternative monitoring methods, if
used in isolation, limit the type of faults that can be detected therefore failure can result from an undetected fault. Newly
installed bearings excite their supporting structures at certain natural frequencies related to shaft speed and the normal contact of
rolling elements and races. As the bearing ages, the vibration increases due to gradual breakdown of the contact surfaces. The
presence of surface defects in the bearings results in the production of impulsive vibration at frequencies determined by the
location of the defect and the shaft speed3. These impulses excite the bearing rings and the bearing housing, propagating to the
machine casing where the vibration can be measured by an analogue electro-magnetic sensor, most commonly a piezoelectric
accelerometer.

The vibration measured by a surface mounted sensor is determined by two factors. The bearing condition itself and the
mobility of the transmission path between the point where the impulsive forces act and the sensor location7. Ideal conditions for
monitoring exist where the sensor can be mounted with a direct path between itself and the bearing, in the centre of the load
zone and with the nominally loaded, properly lubricated bearing rotating above a minimum speed of 1000 rpm8. Where these
conditions are not met, which is the case in most complex machines, particularly those with a high density of vibration sources,
proper diagnosis of individual components may be extremely difficult. Despite its good performance over most of the frequency
spectrum of interest for condition monitoring, the piezoelectric accelerometer is unable to monitor the frequencies in the range
commonly produced by low speed machines. Low rpm, commonly combined with massive structure, means that little energy is
transmitted to the machine casing resulting in low levels of vibration . These low level, low frequency measurements are limited
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by the electromechanical efficiency of the piezoelectrical material used in accelerometersl). The noise level produced by an
accelerometer and its preamplifier overwhelm the low signal due to the actual vibration.

Rather than monitor bearing condition remotely from the machine casing, there are good arguments why relative shaft
displacement measurement should be preferablell. Principly, relative displacement between a shaft and its mounting is directly
related to the condition of the bearing supporting the shaft. Currently shaft displacement monitoring is almost exclusively
limited to fluid film journal bearings.

The use of the incremental motion encoder (IME) as a condition monitoring device extends the use of relative displacement
measurement as a condition monitoring technique to rolling element bearings. It has the advantage of sensing the mechanical
motion caused by the presence of a defect directly allowing monitoring of low speed machines. It can also directly monitor the
state of single bearings in complex machines.

2. THE INCREMENTAL MOTION ENCODER PRINCIPLE

The operating principle of the IME has been described in detail previouslyld This section presents a summary to set the
model that has been developed into context.

The IME is based on the combination of a well understood principle used in high precision optical shaft encoders and a
method for deriving a high degree of angular accuracy from a relatively low resolution encoder disk12 When using any optical
shaft encoder, shaft centre movement is recognised as a possible source of error in the angular position measurement. When die
disk is of low angular resolution, this can be minimised by the use of a flexible coupling to limit the transmission of shaft axial
movement to the encoder disk. High precision encoders are highly susceptible to this source of error and make a correction for
the shafty axial eccentricity prior to their calculation of angular position13. This correction is achieved by determining the
angular difference indicated between diametrically opposed points on the grating disk. For this purpose two, or for the highest
accuracy four, read heads are used. The measure of shaft centre position derived in this way is treated as an error and is
discarded after correction has been made for it.

The construction of the IME does not attempt to isolate the grating disk from the motion of the shaft. On the contrary, it has the
disk directly mounted on the shaft to sense shaft motion frilly. Four read heads mounted on the machine structure at 90°
intervals around the disk allow the position of the shaft centre to be calculated in the plane of the disk. Figure 1 schematically
illustrates this construction and the geometry which allows the centre position calculation to be made. When the centre line of
the disk coincides with the line joining the read head pair A - B, distance L apart, the horizontal displacement, d, is zero and the
difference between the angular position measured at A compared with that at B is equal to n. When the horizontal displacement
increases, the value of the angular difference between A and B will decrease to 0. The relationship between 0 and the horizontal
displacement is given by equation 1.

v in-d)L

This is an approximation which can be made for centre displacements of the order of tens of microns if the disk is of the order
of tens of millimeters in diameter. It is possible to use three read heads spaced at 120° degree intervals. However this requires
the evaluation of a more complex trigonometric relationship.

The basic measurement made by the IME is of the time of passage of grating lines past each read head. When the disk is
centred relative to the read heads, each pair of diametrically opposed read heads will record the passage of a grating line at the
same instant as the lines are ruled in pairs forming a diameter across the disk. As the disk moves with shaft displacement a
difference will be measured between the time values recorded for grating lines at each read head of the measuring pair. This
time difference will be'Jproportional to the angular difference 0. To make these time measurements the IME uses a counter
circuit driven by a precision clock oscillator. This counter sets up a timebase to which the relative time of passage of each
grating line at each read head can be precisely related. The timebase has the effect of sub-dividing the angular measuring step of
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Figure 1. Shaft centre position calculation.

the encoder disk by the number of clock cycles recorded in the interval between each grating line. This effectively increases the
angular resolution of the disk by a factor limited principly by the speed of the clock oscillator. This angular resolution
determines the accuracy with which 0 can be measured and hence the accuracy to which the displacement can be calculated. The
angular difference is calculated from comparison and interpolation between the timer counter values latched for each read head
pairl4d The software required to do this calculation and then to apply equation 1 runs on the computer system to which the IME
sensor is interfaced.

The IME is able to measure angular velocity highly accurately due to the use of the timer counter since it records to high
resolution the time taken by tire disk to rotate through the angular distance between grating lines. Changes in angular velocity
which occur between measuring steps can therefore be estimated. The fact that each angular velocity value is also precisely
related to an angular position in the disk3’ rotation allows measurement of torsional vibration more accurately than conventional
encoders.

There are many potential applications for IME sensors, which are capable of measuring all the parameters of a conventional
shaft encoder and giving shaft centre position as well in the same integrated package. Possible uses include monitoring of shaft
loading and imbalance and active vibration control for automatically controlled magnetic or fluid film bearing. Two devices
with a common timeba% spaced along a shaft would allow for transmission torque measurement.

The recent development of bearings with integrated encoder sensors15 offers the possibility, combined with the IME principle,
for self monitoring bearings able to sense a number of machine parameters.
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3. THE EXPERIMENTAL IME SENSOR

Sensors based on the IME principle can be implemented using a number of different technologies capable of giving a square
wave output from a rotating marked surface. As well as opto-electrical read heads and a grating disk, optical sensors using a
reflective drum on the shaft could also be used. For harsher environments, where contamination would limit the effectiveness of
an optical sensor, electromagnetic sensing elements can be used. In many cases rotating machines have a sensor for measuring
angular modon which produces the type of signal to which the IME principle can be applied with the addition of extra read
heads.

Within the scope of this project the concentration has been on the use of optical devices. This has been pardy due to the
previous experience of the authors with devices of this type and also the practical considerations of engineering a prototype
device.

Two IME sensors have been constructed so far as experimental prototypes. One was built using fibre optic technology to
successfully prove the ability of a sensor of this type to be made as an entirely optical deviceld The other was built using
standard commercially available kit encoder parts from Hewlett Packard, four opto-electrical read heads and a 1024 line grating
disk. This is the device which is being used for current experimental work because of its higher resolution.

An experimental rig has been constructed to allow either encoder, or any other compatible with the rig, to be mounted on a
shaft and to have its responses to shaft movements monitored. The rig provides the facility for the bearings supporting the shaft
to be interchanged so that the sensor can be used to detect changes in the condition of various test bearings.

In previous descriptions of the IMEY application to determining bearing condition we have not been able to explain or predict
the nature of the sensor signals response to a defect. Although shaft motion was clearly detectable from the sensor outputl4,
frequency analysis of the signall6 although initially promising, was found to be inconclusive. In order to develop a method of
interpreting the sensor signal a model for the effect of a defect on the IME signal was required.

4. A MODEL TO EXPLAIN THE EFFECT OF A BEARING INNER RACE DEFECT ON THE IME SIGNAL

4.1 The nature of the IME signal

The nature of the signal recorded by an IME device may be explained with respect to its construction with reference to figure
2. When an encoder disk is mounted on a shaft the disk centre, at X, is not expected to be coincident with the actual centre of
the shafts rotation, at R. The point tracked by the sensor is the centre of the encoder disk which will describe an orbit around
the actual centre of rotation, R. This orbit will be modified by the motion of the centre of rotation, Ax and Ay. The coupled Ax,
Ay motion of the disk centre is recorded by the IME as displacement measured relative to the zero position indicated by the
intersection of the diameters joining the read head pairs A - B and C - D at X°. The distance between the centre of rotation and
the centre of the disk, the eccentricity ¢, is determined by the radius of the disk centre orbit in this example of simple motion.

The displacement measured from each axis of the sensor produces a sinusoidal waveform. There is a 90° degree phase
difference between the two signals. Figure 3. shows the output from the sensor monitoring a single rotation of a new SKF NJ202
roller bearing. The traces show displacement in microns on the y axis and angular position from 0 to 2rc on the x axis. The top
trace is derived from the data recorded in the vertical axis of measurement by read head pair C - D, the lower brace is from the
horizontal axis measured by A - B. Each trace is made up of 1024 individual displacement data points calculated from the two
sets of timer counter values recorded from each read head pair, one per disk grating line, or pole. The angular interval between
each data point is equal, the time interval is variable, determined by rotational speed. This is a principle difference between the
data presented by the IME and that from conventional analogue sensors where data is sampled at equal intervals of time with no
angular reference. Since the timer counter values provide a complete time record it is possible to resample the IME data to
derive the displacement at equal intervals of time. However this would remove the inherent angular position information which
allows the exact comparison of features in successive rotations. Consequently the data is generally presented in terms of equal
intervals of angular displacement. The start of data collection is synchronised to one angular position on the grating disk. This
allows features ofindividual rotations to be related to each other and a known position on the machine.
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Figure 2. The relationship between the encoder disk centre, the centre of shaft rotation and the signal produced.

FILENAME /DISK O /users/staff/kaa/analyse/7202tight/01.dat
X zero 0, Rotation 1 of 20. 1024 data points. Speed 203.IS rpm. Pseudo sampling 4.832 kHz.
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Figure 3. Displacement in two dimensions measured by the IME.
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4.2 Motion of shaft centre supported by a normal bearing

The causes of shaft centre motion can be divided between two sources. Those which originate as a result of external systems
to which the shaft is fixed such as dynamic imbalance of a flywheel or gear meshing, and those which are due to the relative
motion of bearing elements. To date the design of this model has only considered motion due to the bearing elements as this is
the primary indicator of bearing condition. For an undamaged bearing the motion of the shaft centre is due to the varying
distribution of the rolling elements supporting the imier race as it rotates. The area of the bearing actually supporting the load of
the shaft is termed the load zone. If the surfaces of the races and elements were perfect, shaft centre motion would result purely
from the changes in loading due to the combination of positions that elements were able to take up in the load zone. The
resulting differences in load distribution would produce small, regular and repeating changes in the shaft centre position as each
rolling element passed through the maximum load position. In practice the surface irregularities due to manufacturing errors of
the bearing components combine with the load distribution variation to produce more complex motion which repeats over a
longer period. These irregularities are of two types and have different effects17. Surface finish errors, which take the form of a
roughening of the contact surfaces of the bearing, can be expected to cause a random motion of the shaft centre. Geometrical
errors, which take the form of varying diameter rolling elements and races with a waviness of a few cycles around the
circumference, will result in motion of the shaft centre which will be periodic. This motion will repeat over the number of
rotations taken for the elements to return to any given initial position relative to the load zone.

The effect of these surface irregularities on the results of conventional vibrational analysis has been investigated17 and it has
been found that the vibration spectrum of a normal bearing can have a similar pattern to that of a bearing with minor damage.
This occurs because an irregularly shaped rolling element can excite the machine structure at the same frequency as one with a
defect. As the IME senses the motion of the bearing via the shaft directly, these geometric irregularities present a lesser problem
as the motion of the shaft due to rounded surface irregularities is different to that expected from bearing defects which are
generally angular.

4.3 Effect of the bearing load zone on defect frequencies

Part of work done by McFadden and Smith to explain the frequency spectra from bearings monitored by accelerometers1819,20
can also be applied to the IME signal. The feature of their model relevant to the IME sensor is the use of the load zone to
redefine the frequencies expected from a defective bearing. The geometrically based defect frequency equations3 used in the
interpretation of vibration spectra from conventional sensors are only directly applicable when the bearing is subject to a unit
load distributed evenly about its whole circumference. This condition applies to axially loaded thrust bearings, but not to radially
loaded deep groove ball bearings or roller bearings. For a radially loaded bearing the defect frequencies are modulated by the
extent of the load zone. Impulses are only generated when the bearing elements strike each other under load. The greater the
load, the greater the magnitude of the impulse. The distribution of the load around the circumference of a rolling element
bearing is defined approximately by the Stribeck equation19:

q(d) = qafl -(1/2e)(l - cos

q0is the maximum load intensity, ¢(Q) is the load at angle 0, e is the load distribution factor and n = 3/2 for ball bearings and
10/9 for roller bearing, ©maxis the angle at which ¢ becomes equal to zero defining the angular extent of the load zone. The
terms ¢0, e and Onmex are all functions of the diametral clearance of the bearing and the applied load. For a bearing with positive
clearance, e < 0.5 and 0max< rt/2, the load distribution is of the type shown in figure 4.

By applying this part of the McFadden and Smith model to the IME it can be predicted that the number of impulses the sensor
would detect in each rotation will depend on the angular extent of the load zone. The magnitude of each impulse will depend on
the position of the bearing elements between which the impulse was generated in the load zone. The inner race defect frequency
only accurately predicts the number of impulses which would be generated in the case where 8 = 1.0 and the load zone extends
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Figure 4. The load distribution in a bearing under radial load.

throughout the complete circumference of the bearing. The number of impulses which it would be expected that the IME would
record in other cases from an inner race defect in each rotation is given by:

i

: . 2
number o fimpulses = inner race defectfrequency x

3)

To predict the signal the sensor would record for each impulse, a model for the response of the shaft centre motion to the
presence of a defect is required.

4.4 Motion of shaft centre due to an inner race defect

In a loaded bearing stress is developed at the points of contact between the races and the rolling elements in the load zone.
The motion of the rolling elements leads to fatigue which induces the nucleation and growth of sub surface cracks which, once
developed, extend incrementally during successive load cycles. Eventually these cracks join and grow to reach the surface of the
race resulting in a loss of material from the race surface known as a spall. Following the initial spalling, wear accumulates
rapidly due to the damage caused by the freed particles and to rolling surfaces impacting the spalls.

Figure S. is a diagram illustrating the model used to predict the response of the motion.of the shaft centre to an inner race
spall. Defects in other locations can be treated in a similar way. The size of the defect is exaggerated for clarity and the effect of
other elements on the depth of penetration is ignored. Dxis the outside diameter of the inner race, Dris the diameter of the
rolling element, nxis the rotational speed of the inner race, y is the depth of penetration of rolling element into spall, x is the
width of the spall 4- B, VKis the velocity of the rolling element at point of impact, 4 is the point on the edge of spall about
which the rolling element pivots, B is the point of impact between the rolling element and inner race, R is the centre of rotation,
q(0) is the load acting through point B.

%
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Figure 5. Model for the effect of a inner race spall on shaft centre motion.

The model assumes that from supporting the inner races undamaged surface a rolling element will rotate around point 4 into
the spall as the inner race pivots down to impact on the element at point B. The force of this impact is determined by the
velocity of the rolling element at the point of impact Vimand the load acting through that point ¢(Q). The magnitude of ¢(Q) is
dependent on the angular position of B in the load zone. It is this impact which generates the stress wave that propagates as an
impulsive vibration through the machine structure. The depth of penetration y depends on the width of the spall x and the
diameter of the rolling element Dre combined with the force of the impact. The motion of the bearing continues and the inner
race pivots about point B to return to being properly supported on its undamaged surface by the rolling element. Slipping
relative to the outer race may occur at this point.

The motion of the shaft centre which results from the defect is related primarily to the pivoting of the inner race at points 4
and B due to penetration of the element into, the race rather than to the impulsive vibration. As the inner race pivots around
point A the shaft centre R will move as the end of the radius R - 4. This motion, comprising horizontal and vertical components,
is directly related to the depth of penetration since this determines the amount of rotation that occurs before the impact at point
B. Similar motion of the centre will occur when the inner race moves around point B. The motion around point A will be faster
than that around point B since at point B the load acts against the motion. The resultant effect of this on the IME signal can be
predicted as a rapid change away from, then slower change back to, the displacement values due to normal shaft motion.

As the shaft is part of the machine structure, the impulsive vibration due to the impact at point B will affect the motion of the

shaft centre. A certain amount of resonant vibration of the shaft will occur which will be visible as fluctuations in displacement
immediately following the effect directly due to the defect described above.
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5. EXPERIMENTAL RESULTS

The experimental approach adopted to test the model defined for the IME output signal involved initially taking two new SKF
NJ202 roller bearings and recording the output signal when each was mounted in the IME test rig. Different speeds were used
between 1000 and 3000 rpm and load was changed by the addition of a flywheel for some tests. After a profile had been built up
of the signal from each bearing under these conditions, a defect was induced on the inner race of one by electric discharge
machining. The defect was 0.2 mm deep, 0.2 mm across and extended across the width of the inner race. Comparison was then
made between the data collected previously for this bearing, the bearing without the defect and the behaviour predicted by the
model.

Before the defect was induced the IME recorded smooth sinusoidal traces, as in figure 3., from the bearing that was
subsequently marked. After the defect was induced the signals recorded became like the example shown in figure 6. in which
displacement, on the y axis, is plotted against angular position for a single rotation from 0 to 2Jr. The most obvious features of
this trace are the two small peaks occurring in its second quarter. Also clear is the waveform which appears superimposed on
the sinusoid after the two peaks. The immediate supposition that these two peaks are due to the defect is confirmed by then-
angular separation. For any bearing the number of rolling elements which will pass any point on the inner race in a single
rotation is equivalent to the inner race defect frequency. For the NJ202 this is 6.71. The angular distance such a point would
therefore travel between elements is 0.937 radians. This is the angular distance between the two peaks in figure 6. This spacing
has been consistently observed. The fact that two peaks are seen indicates that the load zone extends over the space of two
elements, approximately 1.872 radians.

X zero 14336. Rotation 15 of 23. 1024 data points. Speed 945.4B rpm. Pseudo sampling 16.136 kHz.
55.0
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.0 PI 0.5 PI 1.5 PI 2 PI

Raw Displmnt 1 in um. plotted against pole position. 4.0 std dev's on Y axis.

Figure 6. IME displacement signal from bearing with induced defect.

The shape of the peaks is as predicted by the model. The displacement data points from normal shaft motion are clustered so
close together they form an almost continuous line. At the base of each peak, equivalent to point 4, there is a sudden, sharp
jump in the displacement values to a maximum peak, then a slower, but still sharp return to the previous trend. The motion
suggested by the displacement values immediately after each peak is that of an oscillatory resonance due to the impulse generated
when the defect and the rolling element meet.

The fact that each defect is seen to give a rapid change in displacement means that the presence of such a defect is most easily
detected from examination of the acceleration of the shaft centre. This is calculated from the rate of change of the displacement
between each angular position on the disk to give the centrel velocity then repeating the process with these velocity values.
Figure 7 is a trace taken from the bearing before the defect was induced. It shows the acceleration of the shaft centre from the
vertical axis of measurement for a single rotation. Angular position is on the x axis as before. The signal is random as predicted
by the model since theTnain source of shaft movement in this case is the surface roughness of the bearing components. The
acceleration in the motion due to the defect stands out against this extremely clearly. Figure 8 shows the shaft centre
acceleration from the same rotation as the displacement values shown in figure 6. The vertical scale is 2.5 times that of figure 7
to allow for the peaks due to the defect. The impulsive nature of the signals initial response to the defect is marked, forming the
two large positive and negative peaks followed by the exponential ebbing away of the vibration. The first peak is of a greater
magnitude than the second, indicating an impact under greater load.
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In order to be effective as a condition monitoring technique the use of the IME must allow the detection of incipient faults, as
well as the large, fairly obvious one as presented in the preceding example. The change from a random signal to an impulsive
one is the key to this.

6. KURTOSIS AND THE IME SIGNAL

Kurtosis is a dimensionless, statistical parameter which was first applied to bearing condition monitoring using accelerometers
by Dyer and Stewart2l. The kurtosis coefficient is calculated as the statistical fourth moment M4, normalised to the root mean
square valuell, equation 4.

kurtosis coefficient — — —4 .
(RMS f @

When applied to a signal it gives a measure of the amplitude distribution. For a random signal, such as that from an
undamaged bearing, the value of the kurtosis coefficient is 3.0. As bearing damage occurs, the signal becomes more impulsive
and the kurtosis coefficient increases to values above 3.0. The parameter is sensitive to the size and distribution of the impulse
peaks.

X zoro 1024. Rotation 2 of 23. 1024 data points. Speed 947.35 rpm. Psoudo sampling 1G.1GO kHz.

0.0 PI 0.5 PI PI 1.5 PI 2 PI

Raw Centre pos. acceleration CH I plotted against polo position. 0.0 std dov's on V axis.

Figure 7. Shaft centre position acceleration recorded by the IME from an undamaged bearing
showing random amplitude distribution. Kurtosis coefficient 3.37.

X zoro 1433G. Rotation 15 of 23. 1024 data points. Speed 954.92 rpm. Pseudo sampling 15.297 kHz.

0.04

-0.04
-0.08
-0.12

-0.20
-0.24
-0.28

0.5 PI
Raw Centro pos. acceleration CH 1 plotted against polo position. 20.0 std dev's on Y axis.

Figure 8. Shaft centre position acceleration from bearing with induced defect showing

impulsive nature of the IME signal’ response. Kurtosis coefficient 39.39.
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Calculating kurtosis coefficients for the IME signal for centre position acceleration from the undamaged bearing gave an
average value of 3.011. The average value recorded from the bearing after damage was 32.451. Although further work is
needed to prove the ability of kurtosis to accurately determine the onset of bearing damage, from these results it is clear that it
can unequivocally discriminate between a good and a damaged bearing from the IME signal. Once impulses are detected in this
way, their source can be determined by looking at the angular distance between them. This could also be used to discriminate
between impulse sources in the bearing and those from other parts of a machine.

7. CONCLUSIONS

A new technique for the condition monitoring of rolling element bearings has been described which uses a new type of optical
sensor, the IME, to directly sense the mechanical motion of a shaft in response to a bearing defect. A simple model has been
developed to explain the motion due to an inner race defect which has been shown experimentally to accurately predict the
response seen in the sensor signal. The presence of impulses due to defects in the IME signal can be detected by the use of the
statistical parameter kurtosis. The location of the defect can be determined from the angular interval between recorded impulses.
Further work is required to extend the model for all possible defect locations and the effect of shaft motion related to other
machine components.

A feasibility study to determine whether this method can be applied to aero engine bearings will shortly be undertaken. This
will involve the analysis of data collected from an aero engine’ existing electromagnetic angular position sensor. Further work
to extend the IME principle to incorporate special factors relating to the use of electromagnetic sensors is also planned. It is
believed that motion in up to six degrees of freedom may be able to be monitored.
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ABSTRACT

This paper describes the experimental application of a
new technique for the condition monitoring of rolling
element bearings. Conventional techniques rely
predominantly on the measurement of transmitted
vibration at the surface of the machine structure. The
Incremental Motion Encoder (IME) is a new type of
sensor which allows sub-micron measurement of the
motion of a shaft relative to its supporting bearing.
This has the advantage, as is shown, that this motion
is directly related to the condition of the supporting
bearing. In this paper we present results from recent
experiments which show the IME% ability to detect
changes in bearing condition related to the onset of
bearing damage due to lubricant contamination.

1. INTRODUCTION

Manufacturing industry is increasing moving toward
the development of production based upon computer
integrated manufacturing (CIM) systems. An
essential requirement for the successful operation of a
CIM system is the high reliability of the sophisticated
machine tools in the system. To avoid costly
unplanned machine stoppages and maintain
production standards, the condition of key machine
components must be accurately monitored [1]. The
aim is to diagnose any potential failure as early as
possible allowing maintenance to be scheduled at the
most convenient time [2,3]. Rolling element bearings
are critical components in rotating machines such as
machine tools. Various operating factors such as
lubricant contamination, shaft misalignment or
improper loading can cause bearing service life to
vary significantly from manufacturers estimates,
potentially leading to unexpected failures [4], It has
been estimated that only 10 to 20% of bearings reach
their design life because of such factors [5]. To
prevent unpredictable machine breakdown the

monitoring of bearing condition is therefore extremely
important.

A number of techniques have been developed to detect
the start of failure in rolling element bearings based
upon vibration monitoring.  These include spike
energy, shock pulse, kurtosis, crest factor and the
high frequency resonance technique [5,6,7,8]. All of
these methods basically rely on the determination of
bearing condition from vibration measured at the
surface of the machine structure. The vibration
measured by a surface mounted sensor is determined
by both the bearing condition itself and the mobility
of the transmission path between the bearing and the
sensor location [9]. This is illustrated by figure 1.

Vibration
Sensor
Vibration
Mobility
Force

Figure 1. The mobility between sensor and bearing determines
the levei of vibration measured at the machine surface.

Ideal conditions for vibration monitoring are not
found in most complex machines [10]. The vibration
signal may suffer attenuation and distortion at
component interfaces and the sensor may not be
mounted in the location giving the best transmission
path. The vibration measured will result from a
number of sources and proper diagnosis of individual
components may be difficult, especially in the early
stages of bearing failure. Low speed machines
present particular problems. Low rpm, commonly
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combined with massive structure, means that little
energy is transmitted to the machine casing resulting
in low levels of vibration [11]. Measurement of this
low level, low frequency vibration is limited by the
electromechanical efficiency of the piezoelectrical
material used in the accelerometers used for vibration
[12].

accelerometer and its preamplifier overwhelm the low

sensing The noise level produced by an

signal due to the actual vibration.

To overcome the inherent problems in monitoring
bearing condition remotely from the machine casing,
shaft
displacement measurement should be preferable [13].

there are good arguments why relative

Principly, relative displacement between a shaft and
its mounting is directly related to the condition of the

the shaft. shaft
displacement monitoring is almost exclusively limited

bearing supporting Currently
to fluid film journal bearings which are designed to
The

clearances in rolling element bearings do not allow a

have large clearances. extremely small
significant amount of shaft motion relative to the
bearing housing when measured conventionally.

Techniques for monitoring rolling element bearings
using eddy current and fibre optic displacement
sensors have been developed [14,15,16]. However
these rely on measuring deflections of the bearing
outer race from within the bearing housing, which

requires substantial modification.

The Incremental Motion Encoder (IME) extends the
use of relative displacement measurement as a
condition monitoring technique to rolling element
It has

mechanical motion caused by the presence of a defect

bearings. the advantage of sensing the

directly, allowing monitoring of low speed machines.
It can also directly monitor the state of single

bearings in complex machines.

2. THE INCREMENTAL MOTION ENCODER

The IME is

understood principle used in high precision optical

based on the combination of a well

shaft encoders and a method for deriving a high
degree of angular accuracy from a relatively low
resolution encoder disk [17]. When using any optical
shaft encoder, shaft centre movement is recognised as
a possible source of error in the angular position
measurement. High precision encoders are highly
susceptible to this source of error and make a
correction for the shaft axial eccentricity prior to then

calculation of angular position [18]. This correction

is achieved by determining the angular difference
indicated between two, or four, diametrically opposed
points on the grating disk. The measure of shaft
centre position derived in this way is treated as an
error and is discarded after correction has been made
The IME is constructed with four read heads

mounted on the machine structure at 90° around a

for it.

grating disk mounted on the shaft. This arrangement

is shown schematically in figure 2.

A computer is used to determine the angular positions

Read Heads

HH¢)

WMm

Grating Disk
Figure 2. The arrangement of read heads around a grating disk
forming the basis of an IME sensor.

measured at each read head from then square wave
[19].
derived trigonometrically from these four readings.

output signals The shaft centre position is
Each diametrically opposed read head pair provides
the shaft centre position in one axis. The computer
therefore derives a two dimensional picture of the
motion of the shaft centre in the plane of the sensor
disk. Each read head pair makes one position reading

for each line on the grating disk.

The IME is also able to measure angular position and
velocity extremely accurately since it records to high
resolution the time taken by the disk to rotate through
By
precisely relating each angular velocity reading to an

the angular difference between grating lines.

angular position on the disk3} rotation, shaft torsional
vibration

may potentially be measured more
accurately than with conventional encoders.
Sensors based on the IME principle can be

implemented using a number of different technologies
capable of giving a square wave output from a



rotating marked surface. As well as opto-electrical
read heads and a grating disk, optical sensors using a
reflective drum on the shaft could also be used. For
harsher environments, where contamination would
limit the effectiveness of an optical sensor, the same
principle may be applied using electromagnetic
sensing elements. In many cases rotating machines
have a sensor for measuring angular motion which
produces the type of signal to which the IME
principle can be applied with the addition of extra
read heads. The development of bearings with
integrated encoder sensors [20] offers the possibility,
combined with the IME principle, for self monitoring
bearings able to sense a number of machine

parameters.

Within this project two experimental IME sensors
have been constructed using optical devices. One has
been built as an entirely optical device using fibre
optic technology [19]. The other uses standard
commercially available kit encoder parts from
Hewlett Packard, four opto-electrical read heads and
a 1024 line grating disk. This device has the higher
resolution of the two and is being used for current
experimental work.

3. THE IME SIGNAL AND BEARING
CONDITION.

The signal from each read head pair of the IME
consists of a displacement value, calculated in
microns, taken at each line on the grating disk. Each
value is therefore taken at an equal interval of angle.
The start of data collection is synchronised to one
point on the disk. This allows correlation of values
recorded on each axis to form a trace that represents
the motion of the shaft centre over successive
rotations. Figure 3 shows an example of
displacement measured by the IME from an NJ202
roller bearing. The two axes of measurement are
shown plotted against each other. The intersecting
zero lines represent the diameters joining the read
head pairs. Each axis of measurement produces an
approximately sinusoidal trace which, plotted
together produce, the circular pattern shown. This
represents the motion of the disk center as it moves
around the actual axis of shaft rotation [21].

The irregular outline of the trace is due to the
combined effect of irregularities on the bearing
element surfaces and the variation in distribution of
the elements in the load zone of the bearing. We have

Figure 3. Combined two dimensional shaft centre displacement
measured by the IME from an NJ202 roller bearing rotating at
790 rpm. X and Y values in microns.

developed a model which describes the way the
presence of a single inner race defect can be detected
from the IME signal using the statistical parameter
kurtosis [21]. It has been shown experimentally that
the random motion resulting from surface
irregularities gives way to impulsive motion when a

large defect is created.

To be effective as a condition monitoring device the
IME has to be capable of not only detecting the
presence of defects after they have formed but also to
accurately predict defect formation at the earliest
point possible. To this end experimental work has
been carried out to show that the IME is capable of
detecting the breakdown of the lubricant contact
between bearing elements caused by lubricant
contamination.

4. THE IMPORTANCE OF LUBRICATION
CONTACTS IN ROLLING ELEMENT
BEARINGS.

The performance and life of rolling element bearings
is strongly dependent on the performance of the
individual lubrication contacts between balls and
races [22], The pressure developed in the contact
zone between moving elements raises lubricant
viscosity to the point where its behaviour approaches
that of a solid [23],
lubricant (EHL) film is formed that physically
separates the would be contacting surfaces inhibiting

A thin elastohydrodynamic



Under ideal conditions the
surface rough spots or asperities

metal to metal contact.
of the elements
would puncture into but not through this EHL film.
In actuality contact between the peaks of the ball and
race surfaces does occur, as shown schematically in
figure 4, It is these contacts that cause the fatigue
loading of the element surfaces which eventually
result in the formation of spalls as the surfaces
breakdown. The thickness and continued presence of
the EHL film has a profound effect on bearing life
[23]. Detection of the failure of the EHL film is
therefore capable of acting

as a valuable early

warning of future bearing failure.

Steel Ball

Figure 4. Asperity contact between ball and inner race
otherwise separated by an EHL film.

Debris particle contamination of the lubricant is a
factor that frequently leads to a reduction in bearing
life [24].
bom debris are entrained between the rolling elements
and races the EHL film cannot be formed and stress
contacts are generated. We have conducted a set of
experiments which have shown the effectiveness of

As illustrated in figure 5, when lubricant

the IME at detecting lubricant contamination.
Steel Race

Steel Ball
Figure 5. Debris contamination in the EHL film between ball
and race causing stress contacts.

5. EXPERIMENTAL RESULTS

A rig has been constructed to allow testing of the
experimental IME sensor providing the facility for
bearings to be interchanged on the shaft supporting
[19]. This the

contamination experiment with new NJ202 roller

the encoder rig was used for

bearing. Shell Avalina R1 grease was used as the
lubricant in the experiment.

The bearing was first run continuously under nominal
load for 150 hours. At the end of this period the IME
was used to collect a series of three displacement
datasets. Each dataset consisted of the displacement
values from 25 rotations of the shaft collected every
10 minutes over a 14 hour period. These were used
to establish baseline values for average displacement,
shaft centre position acceleration and kurtosis prior to

the contamination of the lubricant.

The debris used to contaminate the lubricant came
from a spark erosion machine. These were fragments
produced during the normal operation of this machine
which were filtered out of the oil bath in which the
The rating of the filter used

gave a maximum particle size of Spm, no estimation

sparks are generated.

could be made for the minimum size of particle

present. The particles were a random combination of

steel, brass and various ceramics. Approximately
10mm3 of these particles were mixed into lcm3 of
grease. From this contaminated sample 4mm3 of
grease was used to contaminate the bearing for the

first experiment.

The displacement traces collected during the period
prior to contamination of the lubricant were generally
similar to that shown and described in figure 3.

the the
showed a marked change. shows

Immediately after contamination traces

Figure 6 an
example of the displacement motion recorded by the
IME as the bearing elements rolled over the particles
in the lubricant.

Rather than the smooth contact
enabled by an EHL film, the shaft centre motion is

dominated by the erratic,

rolling, sliding
impulsive displacement
which occurs as particles effectively act as fulcra
between the rolling elements.



5.0

0.0

Figure 6. Shaft centre displacement recorded by the M E from
an NJ202 roller bearing after contamination of its lubricant. X
and Yvalues in microns. Speed 749 rpm.

0.0

0.0

Figure 7. Enlargement of outlined area in previous figure. The
motion of the shaft centre in response to particles of lubricant
contaminant is a series of complex loops. Scale in microns.

Initially the pattern made by the points in the figure 6

might appear random. Figure 7 shows an
enlargement of the small area of figure 6 outlined by
the four corner marks. It can be seen that some

successive points form loops with smooth curves.

This motion of the shaft centre is consistent with that
which would be predicted using part of the model
explaining the IMES response to an inner race defect
[21].

down in one axis and from side to side in the other as

In both cases the shaft centre moves up and

the ball-race contact makes a transition from smooth
motion to impulsively riding over an obstruction.

The shaft centre acceleration, calculated as a simple
double differentiation of the displacement values
recorded at each angular position, showed an
immediate and substantial increase after the lubricant
had been contaminated. The baseline value for peak
0.050 Jim/rad2
lubricant contamination the peak acceleration value
reached 0.350 jim/rad.

readily interpreted signal of a fault condition.

acceleration was Immediately after

This change is a clear and
Figure
8 compares the shaft centre acceleration from two
separate rotations of the shaft. The one at the top of
the figure is typical of the signal recorded in the
period before the lubricant was contaminated. The
the

The order of magnitude increase

second was recorded immediately after
contamination.
described is clearly visible, however it must also be
noted that both signals display a random amplitude
distribution with kurtosis coefficients of 3.0 in both
cases. This indicates that no single repeating defect
has been formed by the effect of the contaminating

particles.

The bearing was monitored over a further 48 hour
A
rapid decrease in the impulsive motion due to the

period after the lubricant had been contaminated.

contaminating particles was observed over the first 3
hours. Over this period it appears that the larger
particles were either crushed or moved clear of the
element contacts. This would seem to indicate that
the bulk of the contaminating particles were friable
ceramics. Further work is required to quantify the
At the end of 48

hours the kurtosis values recorded over the last hour

constituents of the contaminant.
averaged 3.7. This indicated that the centre position
acceleration signal had become more slightly more
than the of
contamination. This would be consistent with the

impulsive those recorded at time
expected rise in surface roughness due to the abrasive
nature of the contaminant. The still relatively low
kurtosis value would seem to indicate that over the
limited period of the study no large defect was

formed. Again this was the expected result.

The contamination experiment was repeated three
times and showed results consistent with the first

experiment.



0,0 PI 0.5 PI

1.5 PI 2 PI

Figure 8. Shaft centre position acceleration before, top, and after, bottom, lubricant contamination.
X axis is in radians, 0 - 2PI covering one rotation in each case. Y axis units are jim/rad2.

6. CONCLUSIONS

The point at which the lubricant film in a rolling
element bearing breaks down is a good early warning
signal Lubricant

of potential bearing failure.

contamination is also a common cause of bearing

failure. The incremental motion encoder has
demonstrated experimentally that it has the ability to
detect the point at which bearing lubricant

contamination occurs. Changes hi both the shaft
centre motion patterns and acceleration levels have
been clearly recorded which can be classified as
indicative of a fault condition. Further work is
currently in progress to determine how well the IME
is able to follow the progress of the slight defects

induced by the contamination.

The potential use of the IME method for monitoring
the bearings of a high speed engine is currently being
investigated.
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ABSTRACT

Modern industry increasingly demands that machine tools operate continuously as parts of computer integrated
manufacturing cells. Accurate monitoring of machine condition is the key to predicting failures which would result in
quality defects or costly unplanned production stoppages. This paper presents research into the use of a novel rotary motion
sensor for the condition monitoring of rolling element bearings. This sensor, the Incremental Motion Encoder (IME), is
based upon a patented development of the optical encoder commonly used in machine tools for sensing angular position and
rotational speed. The IME combines these measurements with that of shaft centre position in two dimensions. This motion
of the shaft centre is directly related to the condition of the bearings supporting the shaft. Experimental results showing the
ability of the sensor to distinguish between bearing defects and external sources of vibration and to measure shaft loading
are presented to illustrate the IME principle. Currently machine tool condition is most often measured by external sensors,
such as accelerometers or acoustic emission transducers, which are not part of the machine itself. The IME is ideally suited
to being designed into a machine tool so as to integrate a condition monitoring facility into the computer control of die
machine. The paper concludes by describing the current technology which will allow sensors based on the IME principle to
be integrated direcdy into rolling element bearings for this purpose.

Keywords: incremental motion encoder, machine tools, predictive maintenance, condition monitoring, rolling element
bearings, Kkurtosis, smart bearings

1. INTRODUCTION

Maintenance management has become increasingly important to industry with the growth of computer integrated
manufacturing (CIM) within automated factories. The high capital cost of the sophisticated machine tools in CIM systems
requires them to be operated at peak efficiency to generate maximum return. Effective maintenance is essential to guarantee
the high reliability that successful operation of a CIM system requires. Using measurements of actual machine condition to
plan maintenance schedules has become accepted as the best strategy to avoid expensive unplanned stoppages and maintain
production standards.

Modern machine tools present a particularly challenging task for the maintenance engineer. Typically diey are complex
assemblies of electronic and mechanical components combined with a variety of drive, lubrication and coolant systems.
Ideally specific condition monitoring sensors would be designed into the machine and the machine controller would
incorporate a diagnostic system capable of detecting potential failure in any of the machine components. Combined with
sensors for detecting unsafe or fault conditions in normal machine operation, such a system would provide the individual
machine with the ability to monitor its own overall condition in an intelligent, semi-autonomous fashion. Such
comprehensive condition monitoring facilities are not generally available commercially despite research in this areal2 In
the absence of such systems, sensors for separate components, such as accelerometers for spindle bearings, are used. The
more sensors, and particularly sensor types, employed, the harder the monitoring system is to calibrate and maintain. As a
number of different faults can be detected from a properly collected and analysed vibration signal this parameter is often
used as the mam basis oga rotating equipment condition monitoring program3.
0

An alternative approach to specific condition monitoring sensors for individual machine tool components is the use of
feedback from process control sensors to determine machine condition. Faults in machine operation can be detected by
monitoring the feedback signals to, for example, a servo motor current controller, during machine operation and comparing
the signal to that obtained when the machine was known to be in a healthy state4d. For machine tools which contain rotating
parts, a rotary motion sensor is an integral part of the control system and is used for speed regulation and position control.
In machine tools the rotary motion sensor most often used is the optical shaft encoder (OSE). Shaft speed measurements
made during drilling and milling operations for process control have been shown to be useful for condition monitoring2,5.
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The changes in speed and torque during cutting operations can be used to detect abnormal conditions such as excessively
worn or broken tools.

2. THE INCREMENTAL MOTION ENCODER

Recent research into the automatic monitoring and control of precision grinding machines made extensive use of velocity
and torque measurements made by optical shaft encoders6. Highly accurate angular velocity profiles were obtained for the
grinding wheel during machine operation using a reciprocal timing method. Drive models could then be obtained online
using least squares parameter estimation. Analysis of these drive models enabled the estimation of important drive system
characteristics such as motor speed control performance and drive belt tension. The use the OSE in this work led to the
conclusion, later patented, that a new type of sensor could be developed based upon the OSE principle combined with a
novel method of angular position estimation7. This new sensor, the incremental motion encoder (IME), measures shaft
centre position in the plane of the encoder disk as well as the usual angular motion parameters. Our current research aims
at developing the potential of this device as a condition monitoring sensor with an emphasis on rolling element bearings.

When using any optical shaft encoder, shaft centre movement is recognised as a possible source of error in the angular
position measurement. High resolution encoders of the type used for accurate positioning are particularly susceptible to this
source of error and make a correction for shaft axial eccentricity prior to their calculation of angular position8. This
correction is achieved by determining the angular difference indicated between two, or four, diametrically opposed points on
the grating disk. The measure of shaft centre position derived in this way is treated as an error and is discarded after the
correction is made. An IME device is constructed with four encoder read heads mounted on the machine structure or
bearing housing at 90° around a grating disk mounted on the shaft. This configuration is illustrated in figure 1 which shows
the experimental IME device constructed to allow testing and development of the basic IME theory. The sensor is mounted
on a supporting pillar which allows the bearing at that end of the shaft to be easily interchanged. This allows the IME%
response to various bearing conditions could be experimentally assessed.

This experimental IME device uses photoelectric read heads and a 1024 line encoder disk available as standard kit encoder
parts of the type commonly used for industrial motion control. Treated conventionally the square wave signals from read
heads of this type would not provide significant angular resolution for the shaft centre position to be determined. However,
by using a high frequency clock oscillator, the computer system to which the IME is interfaced can subdivide the interval

8
0
6

-10

-20

-30

-40 -30 -20 -10 0 10 20
microns

X displacement

Figure 1. Experimental incremental motion encoder showing Figure 2. Shaft centre motion measured by the IME from an
the configuration of encoder disk and read heads used to NJ202 bearing rotating at 806 rpm. Displacement values
sense the motion of the shaft centre. Shaft dia. 8mm. averaged over 24 rotations.
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between grating lines to a degree limited only by the frequency of the clock oscillator9. The difference in timings recorded
between grating lines by each pair of diametrically opposed read heads is a measure of their angular separation. This
separation changes with the motion of the shaft centre along a line perpendicular to the diameter joining the read head pair.
The two read head pairs allow the motion of the shaft centre in two dimensions to be measured. An x and y value is
recorded for each line on the grating disk. The axes of measurement produce approximately sinusoidal traces that when
plotted together produce the circular pattern shown in figure 2. The data plotted in this way resembles the shaft orbital
motion plots obtained using eddy current proximity sensors, but which actually represent the motion of the shaft centre
rather than the gap between the shaft surface and the machine structure. A single synchronising point on the grating disk
allows each displacement measurement to be made at a specific angular position, corresponding to a grating line, on each
rotation. This allows the displacement at the same point on successive rotations to be precisely compared over any period of
time. This is a unique feature of the data produced by IME sensor.

3. MONITORING BEARING CONDITION WITH THE IME

The rolling element bearings (REB) that support shafts and spindles in machine tools are critical components whose failure
can occur unexpectedly without effective condition monitoring. The majority of commercial systems for the on-line
monitoring of machine tool bearings are based on analysis of vibration measured at the machine surface by a sensor such as
an accelerometer. Several signal processing methods have been developed to determine bearing condition from the vibration
signal. These include the use of such parameters as spike energy, shock pulse, kurtosis and crest factor which are measures
the magnitude of the signal and the high frequency resonance technique which examines the frequency content of the
signall(,11,1213. The problem inherent in all these methods is that the vibration signal at the machine surface is dependent
not only on the condition of an individual bearing, but also on other sources of vibration in the machine and the
transmission path of the signal through the machine structure to the sensor. The signal will be attenuated as it is
transmitted particularly at the component interfaces within the machine. As a result proper diagnosis of an individual
bearing fault from the vibration signal can be difficult, particularly in the early stages of bearing failure when vibrational
energy levels are low 4.

The measurement of the motion of a shaft relative to its mounting has been suggested as an alternative method for REB
monitoring as this motion is directly related to the condition of the bearing supporting the shaftlS Although widely applied
to fluid film journal bearings that have large clearances, this method has been impractical to apply in the same way to REB
which have extremely small clearances by comparison. The advantages of directly monitoring motion related to shaft
displacement has been shown by the work of Harker and Hansen16 who successful used eddy current displacement sensors
within the bearing housing to determine bearing condition from deflections of the bearing outer race. Despite becoming a
commercially available system17, this technique cannot be applied without significant modification of a machine} structure
which prevents its widespread application.

The development of the IME has created the potential for the advantages of shaft relative displacement measurement to be
extended to the monitoring of REB in machine tools and other industrial plant machinery. Experimental results have shown
that the sub-micron accuracy of the displacement measurements made by the IME allow the motion of the shaft to be related
to the positions of individual elements within the supporting bearing. A model has been developed, based on this work and
established bearing condition monitoring theory, that relates the motion of the shaft centre recorded by the IME to the
surface texture of the bearing elementsl8 The random roughness of normal bearing surfaces produces shaft centre
acceleration with a random amplitude distribution. This distribution will change, becoming more impulsive, with the
development of a spall-type defect on one of the bearing surfaces. Changes in the amplitude distribution of the acceleration
signal can be measured using the statistical parameter kurtosis12 A signal with a totally random amplitude distribution has
a kurtosis coefficient of 3.0 which increases as the signal becomes more impulsive. The kurtosis coefficient derived from the
shaft centre acceleration signal of a normal NF202 roller bearing is typically in the range 2.8 to 3.5. Figure 3 shows the
shaft centre acceleration signal from a single rotation of a bearing of the same type with a defect 0.2mm wide and 0.2mm
deep etched across the width of its outer race. The kurtosis coefficient of this signal is 10.15.
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Figure 3. The impulsive shaft centre acceleration signal from a bearing with an outer race defect.
The angular interval measured between impulses indicates their source.

By monitoring the kurtosis level of the shaft centre acceleration the presence of impulses in the signal can be detected, but
the source from which they originate cannot be determined. Discriminating between defects on the rollers and the inner or
outer races is not generally useful since in the event of damage on one part the whole bearing will be replaced. However it is
important to be able to differentiate between impulsive signals that originate in the bearing supporting the shaft and those
which might arise from other sources in a machine, such as gear meshing. The nature of the IME signal, collected at equal
angular intervals, allows the direct measurement of the angular distance between impulses in the signal. This is an
advantage over conventional vibration sensors which need a separate angular motion sensor to relate their signals to the
rotation of the shaft. The geometry of a bearing’ races and rolling elements allows the frequency of the impulsive signal
due to any spall-type defect to be related to shaft speed using a set of commonly applied bearing defect equations’0.

Conventionally these equations express the defect frequency in Hertz. By omitting the term for shaft speed from these
equations, the frequencies for defects on any of a bearings components can be calculated in terms of impulses per rotation.

Equation 1 gives the frequency, /, per revolution which results from an outer race defect. D = bearing pitch diameter,
d = rolling element diameter, » = number of balls or rollers, 0 = rolling element contact angle.

d
£ 1 cos 6
D
@

From this frequency the angular interval to be expected in the IME signal between each impulse from an outer race defect,
expressed as a number of grating lines, can be calculated. Figure 3 shows how the value of/ calculated for an NF202
bearing, 6.44, compares to the angular interval between the impulses actually recorded by the IME. The calculated interval
was 159 lines, the average value in this example of the IME signal was 166 lines. The slight difference can be attributed to
the slippage which occurs between the rolling elements and the races as the bearing rotates. The NF202 does not have a
cage so slippage can cause the interval between impulses to vary. In this example the spacings ranged between 150 and 184
lines. The impulse amplitude is irregular due to the changes in rolling element position within the load zone of the bearing.

This changes the relative amount of load at the location of the defect which determines the amount of movement recorded
by the IME18

Once impulses in the shaft centre acceleration signal are detected from a rise in the kurtosis level, the angular interval
between impulses can be compared to the values calculated for bearing defects. On an amplitude distribution curve the
impulsive components of a signal, which produce a high kurtosis coefficient, will lie above the level of twice the standard
deviation. This is the level used by the experimental IME system to set the amplitude level that counts as an impulse. For
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each impulse in twenty rotations of data the system measures the angular distance to impulses in the three succeeding and
preceding rotations of data. By dividing the distances measured between impulses in the signal by the intervals calculated
for bearing defects the system can determine whether or not the source of the impulses is part of the bearing. At the same
time, by dividing the length of a rotation by the interval measured between impulses, the system is able to determine if the
interval is an integer fraction of a rotation. The impulses due to bearing defects are always spaced at intervals that are non-
integer fractions of a rotation as a result of bearing geometry. Shaft vibration sources such as gear meshing or fan blade
passing always result in an integer number of impulses per rotation corresponding to the number of gear teeth or fan blades
present. This difference provides the method by which the two types of vibration source can differentiated.

Figure 4 shows the shaft centre acceleration signal from the experimental IME when a small gear wheel was attached to the
shaft and used to drive second gear wheel attached to a flywheel. The bearing supporting the shaft in this example was a
normal NJ202 roller bearing. When the gear wheel on the shaft was out of contact with the one on the flywheel, the
acceleration signal had an average kurtosis value of 3.15 indicating a random signal from normal, defect free, bearing
surfaces. The kurtosis value of the signal in figure 4, with the gear wheels in contact, is 18.82. The small gear wheel had
16 teeth. An impulse interval equivalent to 1/16 of the rotation can be detected in this signal which would clearly allow its
source to be determined. QOur investigation into the use of the IME for gear monitoring is in its initial stages.
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Figure 4. Shaft centre acceleration signal from a shaft driving a gear wheel with 16 teeth.
Impulses occur at an approximate spacing of 1/16 of a rotation.

5. IME SHAFT LOADING MEASUREMENTS

There are numerous industrial settings where the loading on a rotating machine’s shaft is an important process control
parameter. Many industrial processes involve the winding, rolling or drawing of material using rollers in a manner similar
to that shown in figure 5. Optical encoders are commonly used to control the rotation of such rollers while separate strain
gauges or other sensors would measure the load on the roller and the tension in the material. The bearings supporting the
roller in such an situation have been recognised as a suitable site for mounting sensors to measure shaft loading and a
number of companies market bearings with integral strain gauges for this purposel9. The forces on the spindle bearings of
machine tools such as lathes and grinding machines can be used to monitor tool wear. As cutting tools wear the forces on
them during machining operations increases. Trending these forces can allow tool breakage to predicted and avoided.
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Figure 5. A typical industrial rolling application.

The IME offers the capability to measure the load on a shaft from the same sensor as might be used by a control system for
speed and position monitoring. To simulate the progressive increase in shaft loading that would occur in a situation similar
to that shown in figure 5 a set of weights was used to load the shaft of the experimental IME. Figure 6 shows a graph of the
shaft center displacement in the sensor’ y axis as the load on the shaft was increased from 0 to 2000g. From Og to 1000g
the increment was 50g and from 100Og up to 2000g the increments were 100g. Readings were also made at 1250g and
1750g. Each point is an average of data collected with a particular load over 24 shaft rotations. In each rotation the 1024
points of the sinusoidal signal are averaged to give a single value for displacement which is then averaged with the values
for all the rotations. In total 24,576 values are averaged for each point on the graph. Figure 7 shows the displacement
signals from the x and y axes of the sensor for the same data. The two sets of sinusoids together produce the orbit plots
whose centres are the points in the graph shown in figure 6.
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Figure 6. Shaft centre displacement in response to progressive shaft loading.
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Figure 7. Orbital motion plots of shaft displacement due to loading from 0 to 2000g in 100g
Increments. Each orbit averaged from 24 rotations.

The total shaft displacement shown on the graph for the load applied was 12.13 microns. This displacement was
approximately linear with a gradient of 0.006 microns/g. The average displacement measured for each 50g increase in load
was 0.323 microns, with a maximum value of 0.553 microns and minimum value 0.240 microns. This displacement
increment and the variation recorded were similar in the three experiments of this type conducted. Changes in the
experimental setup during the test were thought the most likely explanation for the variation. The weights were suspended
from the shaft between two low friction tapes, used to distribute the load across a Scm length of shaft. Although every
attempt was made to ensure that each weight increment was mounted at the same point on the shaft, some small differences
in the distance of the load from the disk were inevitable. The NJ202 bearing supporting the shaft had a load rating of
9800Kg which meant that most of the appreciable displacement from a 2Kg load was expected to come from the bending of
the shaft. The exact amount of displacement measured therefore depended on the load and the distance of the load from the

disk.
6. SMART BEARINGS

We believe that the IME has great potential as an industrial control and monitoring sensor. Although our experimental
work to date has used a sensor based on optical components, sensors based on the IME principle can be implemented using
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any technology capable of giving a sufficiently high resolution square wave signal from a rotating, marked surface. In
particular the recent development of REB with integrated speed sensors opens up the possibility of a completely new type of
bearing combining an IME sensor. The widespread introduction of anti-lock braking systems (ABS) by the automotive
industry has produced a number of bearings designed to accurately sense road wheel speed20. These use encoder-like
electromagnetic sensors with read head mounted on the outer ring of the bearing and a grating rotating with the inner ring.
This type of sensorised bearing has proven successful and in recent years some bearing manufacturers have begun to develop
and market sensorised bearings for general applications, particularly speed sensing in machine tools.

Using the technology of these speed sensing bearings, with the addition of extra read heads and higher resolution encoder
rings, an IME sensor could be developed capable of being integrated into existing machine designs with only minimal
modifications for cabling. A bearing of this type could be used for process control and monitoring during normal machine
operation as well as for detecting fault conditions, both in the machine and the bearing. Such bearings could monitor
machine parameters such as angular velocity, angular vibration, torque and shaft loading together with their own condition.
A number of conventional sensors and their respective data analysis systems could be replaced with a single unit. As a
system component, a smart bearing like this would a be significant step forward in the direction of the type of intelligent
machine required for use in CIM systemsL

Figure 8 is an artisty impression of a smart bearing based upon the design of a speed sensing bearing currently available
commercially. This sensorised bearing uses a single hall effect sensor in the seal attached to the bearing3} outer ring and a
magnetic multipolar ring fixed to the rotating inner ring. To achieve the basic functionality of an IME device only the
addition of the second sensor shown in figure 8 would be required. This would allow the monitoring of shaft centre motion
in one dimension. The relative simplicity of the calculations required to process the data from the IME would allow existing
micro computer based machine controllers to interface directly to a smart bearing with the addition of minimal data
acquisition hardware.

Electromagnetic
Readheaii

Multipolar
Magnetic
Ring

Figure 8. An intelligent or "smart" bearing could be created
by the addition of a second read head to a speed sensing bearing.
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7. CONCLUSIONS

Machine tool condition monitoring is a important factor in the smooth and economic running of modern industry. A new
type of sensor for machine process control and condition monitoring has been described with examples of its experimental
use. This sensor, the incremental motion encoder, is uniquely able to relate the position of impulses in its signal to the
angular rotation of the supporting shaft. It has the ability to detect bearing defects and can differentiate these from other
sources of machine vibration by determining the angular separation of impulses in its measurement of shaft centre
acceleration. From its basic measurement of shaft centre displacement it can also measure incremental loading applied to a
shaft.

This work forms part of an ongoing project to develop a comprehensive interpretation framework for all the IMES possible
data output types. The work so far conducted suggests this device has considerable potential. Using the IME principle, a
new class of sensorised bearings can be developed with current technology. These would be able to sense a number of
machine parameters and their own condition. Within an intelligent machine tool, a smart bearing of this type would allow a
higher degree of control and monitoring information integration than is currently possible for machine tools and other
rotating machinery.
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SMART BEARINGS: DEVELOPING A NEW TECHNIQUE FOR THE
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Abstract - The useful life of rolling element bearings
can be significantly shorter than their design life due
to factors in their operating environment. To prevent
potentially unexpected bearing failure effective
condition monitoring is required. This paper
describes the experimental use of a new technique for
the condition monitoring of rolling element bearings.

The Incremental Motion Encoder (IME) is a new type
of rotary motion sensor that can measure the relative
motion between a shaft and its supporting bearing.

This motion is directly related to the condition of the
bearing. The advantage of this method, over the
measurement of transmitted vibration, is that the
signal is not attenuated in transmission or distorted by
other vibration sources. An  experiment
demonstrating the ability of an experimental IME
device to detect distinct changes in the shaft centre
displacement related to bearing corrosion is described
to illustrate the IME principle. Based on our work we
propose that a bearing constructed with an integrated
IME sensor could sense its own condition as well as
external factors such as loading and imbalance. A
sensorised or smart bearing of this new type could be
an effective condition monitoring and process control
sensor for machine tools and other rotary equipment.

I. Introduction

Condition based maintenance (CBM) has become
accepted by industry as the key to avoiding expensive
unplanned machine stoppages and maintaining high
production standards. The growing importance of
computer integrated manufacturing (CIM) is increasing
the need for better machine monitoring and fault
detection. The high capital cost of the sophisticated
machine tools in CIM systems requires that they be
operated at peak efficiency to generate maximum return.
High reliability, achieved through effective maintenance,
is an essential prerequisite for the successful operation of
a CIM system [1].

Rolling element “bearings are common subjects for
condition monitoring as they are generally critical
components and are prone to unexpected failure. Actual
bearing service life can be significantly shorter than the
design estimate derived from fatigue life studies [2].
Bearing failure can be hastened by common operating

factors such as lubricant contamination, shaft

1-2

misalignment or improper loading. It has been estimated
that only 10 to 20% of bearings reach their design life
[31.

The basis of an effective CBM strategy is the accurate
assessment of machine
suitable

component condition using
Several methods of determining
bearing condition by analysing machine vibration have
been developed [3,4,5,6]. All of these techniques depend
on the fidelity of the vibration signal transmitted through
the machine structure to a sensor mounted on the
machine casing. This signal will suffer attenuation as it
is transmitted and may be distorted at component
interfaces within the machine.

sensors.

The sensor location may
also not give the best transmission path. As each bearing
may be only one of several vibration sources, proper
diagnosis of an individual fault from the vibration signal
can be difficult, particularly in the early stages of bearing
failure [7]. The most common vibration sensor, the
accelerometer, has a limited ability to measure the low
level, low frequency vibrations
machines operating at low rpm [8].

To overcome the problems inherent in monitoring
bearing condition via transmitted vibration, proximity
measurement of shaft relative displacement has been
suggested as an method [9]. The
displacement between a shaft and its mounting is directly
related to the condition of the bearing supporting the
shaft. At present, however, shaft displacement
monitoring is limited almost exclusively to fluid film
journal bearings which are designed to have large
clearances. The extremely small clearances of rolling
element bearings do not allow enough relative motion

from bearings in

alternative

between shaft and bearing housing for conventional
condition monitoring measurements. The advantages of
proximity monitoring have been shown by the successful
use of eddy current displacement sensors to determine
bearing condition. These are used to measure deflections
of the bearing outer race from within the bearing housing
[10,11].
sensors for this technique have prevented its widespread
application.

Our research aims to extend the use of relative
displacement measurement to rolling element bearings
using a new type of sensor, the Incremental Motion
Encoder (IME). This new device has the advantage of
sensing the mechanical motion caused by the presence of
a defect directly, allowing monitoring of bearings in low

The difficulties involved in mounting the
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speed machines. It also has the potential to directly
monitor the state of single bearings in complex
machines.

II. THE INCREMENTAL MOTION ENCODER

The IME is based on a patented evolution of the
optical shaft encoder that allows a high degree of angular
accuracy to be derived from a relatively low resolution
encoder disk [12]. Four encoder readheads mounted on
the bearing housing are spaced at 90° around a grating
disk mounted o011 the shaft.
between each pair of diametrically opposed readheads as
illustrated at positions A and B in fig. 1. One
measurement of the displacement in microns, d, of the
disk centre from the readhead centreline is calculated for
each line of the grating as it rotates with the shaft. A
computer is used to calculate the angular difference, 0,

Measurement is made

measured between each readhead from the time
difference, At, of their square wave output signals [13],
Equation (1) is used for the calculation of the disk centre
displacement.

4 a)

Plotting the displacement values against angular
position produces a sinusoidal trace similar to that shown
in fig. 1. The sinusoid results from the motion in one
dimension of the centre of the grating lines on the disk

Centre line Centre Ji
of disk ote:}eg%kggds

around the actual centre of shaft rotation. The sinusoid
is modified by defects on the bearing surfaces, the
varying positions of the bearing elements and the motion
of the shaft due to external forces such as loading,
imbalance and gear meshing. Combining the sinusoidal
signal from each of the two axes of measurement allows
the construction of a shaft centre motion plot. Shaft
centre velocity and acceleration are calculated by simple
differentiation of the displacement values.

A single synchronising point on the grating disk
allows each displacement measurement to be made at a
specific angular position, corresponding to a grating line,
on each rotation. This allows the displacement at the
same point on successive rotations to be precisely
compared over any period of time. This is a unique
feature of the data produced by IME sensor. Comparison
of the maximum and minimum displacement values for
the same point over a number of rotations is one of the
ways that an IME sensor can give an indication of
bearing condition.

III. DETERMINING BEARING CONDITION
WITH THE IME

In a properly lubricated, defect free, rolling element
bearing the motion recorded by an IME sensor will be
related to the normal contacts between the bearing’ races
and its elements. The shaft centre acceleration will show
a random amplitude distribution due to the random
roughness of normal bearing surfaces. The presence of a
spall-type defect on one of the bearing surfaces

Displacement

360°
1024

— Maxfrnium displacement

— Minimum displacement

Displacement at one grating line
’dver eight succesive rotations.

Fig. 1: The incremental motion encoder.



introduces an impulsive component to the acceleration
signal. This can be detected from the resulting change in
the amplitude distribution measured by the statistical
parameter kurtosis [14]. The angular separation of the
impulses can be used to determine whether they are from
the bearing or another source affecting shaft motion.
Some bearing conditions that may precede actual
defect formation do not produce an impulsive signal
when monitored by the IME.

conditions as lubricant

Detection of such
contamination, lubricant
starvation and bearing corrosion can provide important
early warning of bearing failure. Monitoring of the
kurtosis value has not been found appropriate for
trending all bearing conditions in the experiments so far
conducted. In the case of lubricant contamination
experiments have shown the IME registers an increase in
overall acceleration level while the amplitude distribution
remains random [15].

Fig. 2 shows the acceleration amplitude frequency
distribution from two NF202 roller bearings. Using
electric discharge machining a groove 0.2mm wide and
0.2mm deep was made across the outer race of one to
simulate a spall-type defect. This produced the
amplitude distribution with the sharp peak in fig. 2

which has a kurtosis value of 10.15.

2500
Bearing with induced
defect Kurtosis 10.15
3
.c 2000
1500
Bearing with corroded outer
race. Kurtosis 3.53
500

20 60
Intervals: 1% of Acceleration Amplitude Range

Fig. 2: Acceleration amplitude frequency distribution
for two bearings with different types of defects.

The second bearings acceleration amplitude shows a
close to random frequency distribution with a Kkurtosis
value of 3.53. From this measurement the bearing would
appear normal, but inspection of its outer race, shown in
fig. 3,
coinciding with the roller spacing, around approximately

reveals the presence of greyish black streaks,
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Fig. 3: Corroded outer race of an NF202 bearing showing the
effect of water etching due to moisture exposure during storage

one third of the race circumference. These are a result of
galvanic corrosion between the race and the rollers due to
the presence of moisture in the bearing during storage
[16].
etched increasing its roughness and therefore the stress
generated between it and the rollers. This stress would
accelerate the breakdown of the race surface, due to
fatigue loading in normal leading to
premature bearing failure.

In the corroded areas the race surface has been

operation,

The surface roughness produced by the corrosion has a
random nature similar to that of the original race surface.
The acceleration signal therefore remains random in the
presence of the corrosion. However the loss of material
from the race surface in the corroded areas leads to an
increase in the internal clearances of the bearing that can
be seen from displacement measurements.

Fig. 4 shows the displacement in two dimensions
measured by the IME from an undamaged NF202 roller
bearing over four rotations. The successive rotations are
superimposed and show that the displacement
measurements for the same angular position have only a
small degree of variation as the circular traces are largely
coincident. For a normal bearing the changes in
displacement recorded at a particular angular point are
due to the variations in position of the rolling elements in
the bearing load zone. The motion of the elements is
cyclical. They return to the same positions after a
number of rotations determined by bearing geometry and
By
calculating the difference in displacement recorded at the
same angular position over a number of rotations a
measure of the clearances in the bearing can be obtained.
In particular the cumulative sum of these values taken

the amount of slippage between elements and races.

over several rotations has been found to provide a useful
parameter for the trending of bearing condition.
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Fig. 4: Shaft displacement in two dimensions measured by the IME
from an undamaged NF202 roller bearing rotating at 678 rpm.

Fig. 5 shows the shaft centre displacement from four
successive rotations of the corroded bearing described
above. It was mounted with the corroded area in the load
The irregular
outline of the traces and the amount by which they

zone with a nominal load on the shaft.

diverge from one another clearly shows the sensitivity of
the IME to the state of the bearing in this test. The
corroded portions of the outer race do not present
sufficient relief relative to the normal areas to create the
sharp changes in displacement which produce impulsive
Instead the motion seen is that which
would be expected from the passage of a rolling element

acceleration.
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-20
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microns

-10 0

Fig. 5: Shaft centre displacement from an NF202 roller bearing
with corroded outer race. Speed 588 rpm.

across a wavy, irregular surface.
Fig. 6 compares the displacement
differences measured in the horizontal axis of movement

cumulative

from the normal and the corroded bearing. Each point
on the traces represents the sum of the differences in
displacement measured between eight successive
rotations at one of the 1024 angular positions of the
encoder disk. The corroded bearings race allows a
larger amount of shaft centre movement, both in absolute
terms with a maximum value of 8.24pm compared to
5.09pm, and in relative terms with a range of 5.02pm

against 3.17pm for the normal bearing. These values

Cumulative displacement difference

0 64 128 192 256 320 384 448

512

576 640 704 768 832 896 960 1024

Grating Line Position (Angular Displacement)

Normal Bearing

Corroded Bearing

Fig. 6: Cumulative displacement difference values calculated over eight rotations for a normal and a corroded bearing.



were found to be consistent from a series of eighteen
tests. The corroded bearing data was compared against
two undamaged bearings whose maximum cumulative
displacement differences differed by less than 0.5Jim.
IV. SMART BEARINGS

Until recently rolling element bearings were
monitored, but had no sensory ability of their own. Their
rotational speed might be measured for a machine control
system by a shaft encoder and their condition monitored
by a separate diagnostic system. The introduction of
anti-lock braking systems (ABS) by the automotive
industry created the first application for bearings with
integrated sensors. Car road wheel speed could be most
accurately measured by incorporating an encoder-like
electromagnetic sensor into the wheel bearing. Several
technologies have been developed to be used by ABS and
the sensorised bearing has proven very successful in this
area [17].
manufacturers

In the past five years some bearing
have begun to develop and market
sensorised bearings for general applications, particularly
in machine tools. The emphasis has primarily been on
rotary speed sensing although bearings with internal
strain gauges to measure shaft loading have been
developed [18]. Shaft loading can be used to monitor
tool wear in machine tools and roller tension in a variety
of industrial processes.

Based on our work developing the incremental motion
encoder, we believe that there is a great potential for a
new generation of bearings incorporating the IME
principle. could monitor machine
parameters such as angular velocity, angular vibration,
torque and shaft loading together with their own
A number of conventional sensors and their
respective data analysis systems could be replaced with a
single unit. This could be integrated into existing
machine designs with only minimal modifications for
cabling. A bearing of this type could be used for process
control and monitoring during normal machine operation
as well as for detecting fault conditions. As a system
component, a smart bearing would a significant step
forward in the direction of the type of intelligent machine
required for use in CIM systems [19].

Fig. 7 is an artist§ impression of a smart bearing based
upon the design of a speed sensing bearing currently
available commercially. This sensorised bearing uses a
single hall effect sensor in the seal attached to the
bearing’ outer ring and a magnetic multipolar ring fixed
to the rotating inner ring. To achieve the basic
functionality of an -IME device only the addition of the
second sensor shown in fig. 7 would be required. The
relative simplicity of the calculations required to process
the data from the IME would allow existing micro
computer based machine controllers to interface directly
to a smart bearing with the addition of minimal data
acquisition hardware.

Such bearings

condition.
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Electromagnetic
Readhead

Multipolar
Magnetic

Electromagnetic
Readhead

Fig. 7: An intelligent or "smart" bearing could be created by
the addition of a second readhead to a speed sensing bearing.

V. CONCLUSIONS

Bearing corrosion, an example of pre-spalling race
damage, is one of several conditions that can provide a
warning of potential bearing failure. The sensitivity of
the IME to changes in the internal clearances of a rolling
element bearing related to corrosion has been
demonstrated. Distinct patterns that can be related to the
effect of the corrosion damage on the race surface were
observed in the shaft centre displacement measured by
the IME. While the shaft centre acceleration was similar
to that from a normal bearing, the corrosion gave
irregular displacement values that could be easily
distinguished. The use of the cumulative displacement
difference measured between the point on
successive rotations, a unique feature of IME data, was
found to be an effective parameter for evaluating
displacement data.

A comprehensive interpretation framework for all the
IMEY% possible data still the
development stage, however from the work so far
conducted this device has considerable potential.

same

output types is in

Using
the IME principle, a new class of sensorised bearings
could be developed with current technology. These
would be able to sense a number of machine parameters
and their own condition. Within an intelligent machine
tool, a smart bearing of this type would allow a higher
degree of control and monitoring information integration
than is currently possible for rotating machines.
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