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Abstract

Induction motor driven mechanical transmission systemswadely utilised in many
applications across numerous sectors including indugtower generation and
transportation. They are however subject to commibnréamodes primarily associated
with faults in the driven mechanical components. Ngtabgearboxes, couplings and
bearings can cause significant defects in both thetrelal and mechanical systems.
Condition monitoring (CM) undertakes a key role he tdetection of potential defects in
the early development stages and in turn avoidingstaiphic operational and financial
consequences caused by unplanned breakdowns. Meanahiddale speed drives (VSDs)
have been increasingly deployed in recent years lieeae accurate speed control and
higher operational efficiency. Among the differenéeg control designs, sensorless VSDs
deliver improved dynamic performance and obviate speedsurement devices. This
solution however resultsm heightened noise levels and continual changes ipadiaer
supply parameters that potentially impede the detecfiomnute fault features.

This study addresses the gap identified throughtaregsic review of the literature on the
monitoring of mechanical systems utilise induction motdvt) (with sensorless VSDs.
Specifically, existing techniques proweeffective for common mechanical faults that
develop in gearboxes and friction induced scenarios.pfimeary aim of this research
centres on the development of a more effective angraiecdiagnostic solution for VSD
systems using the data available in a VSD. An experehesgearch approach is based to
model and simulate VSD systems under different faultitiond and gather in-depth data
on changes in electrical supply parameters: curraitage and power. Corresponding
techniques including model based methods and dynagmatsire analysis methods were

developed for extracting the changes from noise measurements

An observer based detection technique is developsstlin speed and flux observers that
are deployed to generate power residuals. Bothcstaid dynamic techniques are
incorporated for the first time in order to detece tmechanical misalignment and
lubrication degradation, each with different degreeseverities. The results of this study



demonstrate that observer based approaches utilisingrpesidual signalling can be
effective in the identification of different faulits the monitoring of sensorless VSD driven
mechanical systems. Specifically, the combination betwegnamic and static
components of the power supply parameters and conttal ltes proved effective in
separating the four types of common faults: shaft mgisadent lubricant shortage,
viscosity changes and water contaminatidhe static data based approach outperforms
the dynamic data based approach in detecting shaflignments under sensorless
operating modes. The dynamic components of power sigmalgever, records superior
results in the detection of different oil degradatiproblems. Nevertheless, static
components of torque related variables, power andgettan be used jointly in separating

the three tested lubricant faults.
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Chapter 1

Introduction

1.1 Introduction

Condition monitoring represents a vital area of tetdny for operational excellence
in industry. It is critically dependent on a number kdy elements: precise
understanding of the construction and performanceeofrtbnitored machines; failure
behaviour; analysis of signals; signal processing andmieggm in a comprehensible

and informative way [1, 2].

AC induction motors (ACIM) are the major prime movers antbators in industrial
motion control systems. A number of advantages are assouwvdtethese kinds of
motors: reliability, simplified construction and jaggeased design; low operating
cost; direct connection to an AC power supply; amdj liife span and premium energy
[1, 3]. They are, however, subject to several failonodes, mainly due to faults in the
driven mechanical system components. For instance comigona gearbox
transmission systems such as gearboxes, couplings and beamgause significant

defects in both the electrical and mechanical systems [5]

The importance of induction motors and their costdditton to the costs of failure
have emphasised the necessity of performing conditiontanmg (CM) in order to
enhance the ability to detect defects developintheearly stages and thus avoid
unplanned breakdowns. Furthermore, they perform anriammorole inmaximising
machine efficiency, performance and life span while roumg the reliability of
induction motors and driven machines [3, 5]

Many applications of induction motor (IM) driven sysie require accurate speed
regulation and good dynamic response to different laad speed operational
conditions. This generates a requirement for VSDs ance momplex closed loop
speed/torque control systems.[Bjifferent speed control schemes are offered in the
market and options vary depending on the requiremehtsach application. For
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instance, the basic V/Hz (open-loop) schemapplied when precise speed control
and/or full torque at high speeds is not requiredthi@rother hand closed-loop schemes
with speed feedback measuring devices provide anmaecspeed regulation, whereas
vector control schemes allow for optimum dynamic pemnce when necessary for

some applications, with or without speed measuring de{®@=ssorless VSDs) [7].

Sensorless VSDs are widely utilised in many industrgdlieations. They enable
precise control of the IM speed without speed feekisanosors. Sensorless VSDs have
a higher level of dynamic performance, lower cost aweatgr reliability. Such drives
provide accurate steady-state and stable transierditopey [8]. However in order to
maintain speed and torque, the drive’s control system acts on the power supply
parameters thereby altering its behaviour and incre¢hseasoise levels. Such actions
can considerably influence the condition monitoscgeme in the case of a developing
fault within the mechanical system [6]

In addition mechanical transmission systems are exposeddbanical faults that can
influence the operation of the system and may cause rogtiaist Problems in the
driven mechanical systems, such as mechanical shaft misalgn water
contaminated oil, oil viscosity change and lubricahiortages are very common in
industry [110, 111, 125, 128-129]. The detectiosuh faults in the mechanical driven

systems under sensorless VSD is not yet well discovered.

This research focuses on assessing the data available afnoMC three phase
asynchronous squirrel-cage induction motor control systehrevestigates the use of
control parameters as a source for condition monitorlxperimental tests are
undertaken based on a 13kW transmission system to rephleak common faults
across different degrees of severity. Namely, mechamezklignment, water
contaminated lubrication, oil viscosity change anditation shortages are testeall
faults investigated in degrees typical of such faulisdustrial situations. Analysis of
the data available from the control system is used ttaexgelationship between the
developed faults and control system behaviour and respdine primary aim is to
develop a new cost effective and reliable conditrmmnitoring technique based on the
information available from sensorless ACIM VSDs.
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1.2 Background

Numerous techniques have been reported and examinewbfotoring conditions of

equipment. The monitored conditions and the type@fiiachine restrict the approach
utilised. Vibration analysis (machinery vibrationgntperature monitoring (thermal
measurements), motor current signature analysis (MC3w)aeaoustics are some of
the commonly used CM techniques. Studies in this area focused on improving the

reliability and certainty of CM systems as welb&sreasing implementation costs [10]

Ideally, efficient and effective condition monitogimeeds to be implemented with
minimal data collection and instrumentation, within €t faccurate and clear analytical
and processing scheme. Several attempts have beennpeifdo achieve such

requirements [11, 12].

Nonetheless, faults in the driven mechanical transmissisiem, such as mechanical
misalignment and lubrication degradation, may cause addltispeed and load
oscillations and change in the power consumed by five.dVlechanical problems,

such as mechanical shaft misalignment, lubrication dafjrag can change the
behaviour of the control system [110, 111, 125, 12812

That is the sensorless VSD continuously aetshe motor’s supply parameters and
changes its values in order to maintain the system speed at#fsdereference [13]. In
the event of a fault in the mechanical system, the oseoiisthe fault causes are treated
by the control system as disturbances. The drive changg®wrer fed to the motor to
compensate for these oscillations to stabilise system perfoemae the fault
deteriorates, the power fed to the motor by theedmay also increase leading to

catastrophic failure.

Moreover, the drive manipulates the power supply Wégsuch as frequency, current
and voltage to adjust the speed and the torqueahttuction motor which may change
the features that are normally used for fault deteciimeh diagnosis. Therefore fault
detection approaches developed for line-fed or dpep controlled IM need to be

revised when applied to those fed by closed loop V¥Bs.influences of uncertainties

related to non-stationary signals, nonlinearity of thachine model, accuracy of
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parameters estimation and tuning parameters of the obsemdersgulators as well as
the control process actions need to be considered 18].6,

Rapid development in technology and control systemryheas greatly impacted the
field of condition monitoring and fault detectionivdng it toward the development of
increasingly advanced techniques that can be usedcin@mplex systems. Many
approaches have been advanced for systems driven ®ithpvoposing the detection
of several faults that may occur within the inductiaciine. Among these approaches,
observer based fault detection has been widely resediover the last few years and

proven effective [15]

On a basic level, an observer based fault detectivense is developed to generate an
alarm in the event of a fault. A comparison betweemeseéd and measured states is
made to generate residual signals. Fault alert is raised thile residual signal exceeds
a pre-set threshold. Further action is then requéiider online (automatically) or off
line, to locate the fault and to estimate its sevédmtyperforming additional analysis.

Therefore, in this research the observer based feigttion scheme is developed based
on observers which are utilised for control purposes. rfEsearch focuses on the
detection of mechanical faults within the mechani¢ensmission systems.
Particularly, mechanical shaft misalignment, wateoilrcontamination, oil viscosity

changes and less lubrication, which are common problemsustry, are discovered.

1.3 Research Motivation

Conventional condition monitoring techniques gengrakquire supplementary
equipment, such as sensors, data processing and acquaggiem, in addition to data
analysis rendering such techniques costly. Furthemwhlieks include limited
accessibility in terms of mounting sensors and transduce&sgrsiecation, sensitivity
and the interference of other environmental andiamiparameters [16Additionally,
when sensorless VSDs exist, conventional techniques mialyenealid as the VSD
changes the supply parameters and increases the laeveisefdue to actions by the
regulators which mask faults.



This issue underlines an increasing need to exploresipsupply parameters and
control data in mechanical systems driven with closed W8Ds in order to develop
more reliable and cost effective fault detection drafnosis schemes [16[hat is
these drives make available a wide range of parametges,add signals that can be
further analysed and checked for their behavioeases of abnormalities. Data include
line current and voltage signal measurements; statevalssesuch as speed, flux and

torque; and calculated variables such as direct andajuagl current components [9].

One of the main advantages of diagnosing mechanical sy$éeihs using power
supply parameters and control data is that controtnmédition is already available at the
drive. Additionally, terminal signals are passed throafinthe drive regulators for
speed regulation. Hence, signals inside the drive asabstimated state parameters,
error signals and regulators outputs may contain infeomatbout the health of the
system [14, 16].

To conclude, the main advantages of using data fromsadess ACIM VSDs for fault

diagnosis and condition monitoring include, but aselimited to:

- The fact thahsmost AC drives are microprocessor based, allows for andiddae
CM scheme. Drives can be simply connected with compettrer via the network
or locally and data can be extracted directly fbtine and/or online remote CM.

- Signals utilised by the control system are already abdailat the drive and can be
investigated for the CM purposes simultaneously, withcadditional
measurements.

- A wide range of information can be obtained includimgrent, voltage and
frequency as well as induction motor parameters and stdtbies.

- Operators and maintenance engineers can be encoumafgednonitoring process
as they possess in-depth understanding of the relevatnblcsystem and processes
under their operation.

- Processed signals are mostly related to the system beindorednithereby
reducing interference with other equipment signals.

- Prevention of the use of additional equipment and ssnagoids many related
issues such as space, location, reliability, accuradyarse.
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- Removes need for system modifications as all signals aleeadlable. Parameters
only need to be extracted from the drive to the ggeimg computer when remote
or off line analysis is conducted.

- In most cases drives are connected to the control roana wietwork which
simplifies the remote online condition monitoring procesde avoiding further

expense.

It would be economical and reliable to develop a condition nooimy and diagnosis
technique based on the data and tools already blea#dé the control system. Control
and operational engineers have enhanced understasfdivegoperations and processes
being monitored, and are therefore well placed apdlole to indicate faults within the
machine during their routine duties. Utilising conparameters to identify and locate
different mechanical faults on the downstream systemdcamatically improve the
machin€s availability and increase the reliability of the condition monitorisgstem.
Furthermore, in addition to enhancing equipment perémce, monitoring costs are

significantlydecreased.
1.4 Research Aim and Objective

1.4.1Research Aim

This study aims to discover the diagnostic information frortadavailable at the

sensorless AC induction motor VSDs. It further seeksdamtify the potential of

developing a new cost effective and reliable apgrdac condition monitoring of

mechanical systems by using information and signals availatdensorless ACIM

VSDs for fault detection and diagnosis. The work udels the development of a
mechanical fault detection technique based on theal@®ystem incorporated by the

sensorless VSD.

1.4.2Research Objectives

The principal goal of this research is to investigagepbtential of leveraging existing
data and tools present in typical sensorless VSDs to perfandition monitoring and
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fault diagnosis in a driven mechanical gear transmissystem. In order to fulfil the

research goal a number of objectives are identifieldpaioritised as follows:

Objective 1. To develop an observer based fault detection schersedban the
available observers in sensorless VSDs.

Objective 2. To investigate residuals generation scheme from the lapea
observesto detect common mechanical fault under differentatpeEn conditions.

Objective 3. To investigate/evaluate the diagnostic capability teé available
information in the sensorless VSDEhis includes an effective data analysis
scheme to explore the potential for detecting the mmchlkafaults without the
need for additional resources.

Objective 4. To replicate common mechanical faults in gear transnmissystems
driven with industrial sensorless VSDs. Faults are inek=gtypical of such faults
in industrial situations.

Objective 5. To perform a literature review and establish the theevidence and
knowledge gaps in relation to the application oftoalrsystem for the detection of
mechanical faults within driven mechanical systems.

Objective 6. To theoretically study the response of the IM VSD in tase of

mechanical load oscillations using induction motor ¥68@’s models.

1.5 Structure of the Thesis

The thesis represents the work performed for achidiimgesearch aim and the stated

objectives. It is divided into nine chapters includihg current chapter, as follows:

Chapter 2 - presents the literature reviews on the existing &i fault detection
techniques applied for ACIM driven mechanical systems &GtM driven with
VSDs. The objective is to support improved understandinthe field into the
problems which can arise when sensorless variable speex$ dnie utilised for
driving mechanical gear transmission systems. This assist®itireg replication

of previous work.

Chapter 3 - describes the basic principles of the ACIM and therétmal background

of the field oriented variable speed drives, focusingtlte sensorless VSD&
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includes details on the sensorless speed estimation basedodel reference
adaptive system (MRAS)

Chapter 4 - details the test facility used for the study amdislthe equipment used
together with specifications and operating prirespdf the rig. Test procedures and
faults seeding are also detailed in this chapter.

Chapter 5 - presents the mathematical models of the ACIM and the sessoariable
speed drive; mechanical and electrical equationshef ihduction motor are
explained. The models based on the ready to use models provided by
SimPowerSystems™ component libraries which are available from the
MATLab/Simulink environment. The model is used to studyittfluence of load

oscillations on the drive’s response and power supply parameters.

Chapter 6 - explains the principles of the observer based tiikction schemes and
discusses the theoretical aspects of the field. It dksscribes the observers
developed in this study for the fault detection metisadgested. The residual
generation and evaluation is also presented irctiapter.

Chapter 7 - provides an in-depth discussion of the results obthinom the tests
conducted using one of the most mechanical common@etrdnsmission systems
faults. The discussion addresses both open loop and s=mssonaracteristics in the
healthy and faulty cases. The baseline data is compatiethe corresponding data
from faulty tess and both static and dynamic data of power supply cmdrol

parameters are presented and analysed.

Chapter 8 - discusses in detail the results obtained from the pestsrmed using
different lubricating common faults with differentgtees of severities. The baseline
data is compared with the corresponding data frontyfaeks. Both static and

dynamic data of power supply and control parameterpragented and analysed.

Chapter 9 - presents conclusions based on the findings and outénesmendations

for future work.

Figure 1.1 outlines the general structure of the rekemork and the scheme developed.
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Chapter 2

Literature Review

This chapter reviews the literature on the existilg and fault detection techniques
applied for ACIM driven mechanical systems and AGiMven with VSDs. It includes
a summary of the main benefits of using the coadithonitoring systems and lists some
of the most prevalent traditionally applied schemisalso contains a review of
condition monitoring techniques and their applioatin industry when the control

system is included in the monitored machines.

2.1 Introduction

According to Tavner et al, (2008) condition monmgri(CM) can be defined ashe
continuous evaluation of the health of plant andigaent throughout its serviceable
life”. The CM is principally developed to assess the physical characteristics that identify
the current machine conditions and utilise these measui@nticipate and/or identify
potential faults. However, CM may be attempted to ithelprotection, but its main
essential functiors to identify any changes in machine behaviour arigipate faults
at an early stage. Such process would provide a diesadibanced warning that can be
used to recognise the need for maintenance at anresdge and gives more time to
maintenance engineers to schedule interruptioasuitable manner, resulting in minor

capitalised losses and reduced down time [5].

2.2 The Importance of Condition Monitoring

Advantages obtained by applying the CM strategiekide but are not limitetb [17]:
» Ensuring longer operating periods,

Decreasing number of unplanned breakdowns,

Reducing total maintenance costs,

Enhancing operators and equipment safety,

Improving manufacturing efficiency,

YV V V VYV V

Reducing the spare parts inventory
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» Improving machine reliability and availability

» Bettering machines performance and productivity
A CM system should have the capability to provide ameate information in relation
to the state of the machines, anticipating the needs fortenance prior to severe
deterioration, failure or breakdown. This must ip@oate clear detection, fault location
and diagnosis combined, when possible, with an appréximaf the machins
lifespan [5, 17] Analysis and interpretation of CM systems can be condumfféne

by experts, and can also be performed online by agliadvanced technologies.

2.3 Conventional CM Systems for Induction Machines

Conventional CM systems normally comprise four key elemeisy &re shown in
Figure 21 [5].

Management Level

------------------ Operational | 4=================9
strategy ,————————:————|
| } |

I
| ! |
i {4 | : |
Transduction | <= Data T Processing ~ | Diagnostics |

> acquisition |

|
| Lk |
| 1< |
L ]

Computer

Figure 2.1 Key elements of a conventional condition monitoring, amdratad5]

As shown in Figure 2.1, conventior@M systems normally comprise [5]:

v' Sensors which provide real information about the mosit@quipment to the CM
system. Signals from sensors may be treated in order to thblsuor the data
acquisition system.

v/ Data acquisition system which acquires, amplifies aneppreesses signals from
sensors making them available for analysis and diagnoses.

v' Signal processing and diagnosis with the primary purposivestigate the

acquired signals and discover changes fronttbemal” conditions.
11



Conventionally, a wide variety of techniques haverbéeveloped and utilised to
monitor conditions of a machine and all are noted i@ libeir respective advantages
and disadvantages [18Ylethods vary from visual inspection, vibration analyasisl

acoustic emission technique to ultrasound functionptFature monitoring and motor

current signature analysis (MCSA) [19]

Selecting the appropriate CM technique is highlyethelent on the process, machine or
component being monitored and the objectives of maamiee services. For example,

visual inspection can be adequate to investigatbeaéh of a machine when near to
fail; on the other hand advanced CM approachestodaelperformed for sophisticated

and complex course of actions [20]. However both nooimi¢y costs and targets are

taken into account when selecting the CM techniquthe following a brief summary

of some of most common conventional CM techniques:

2.3.1Visual Inspection

Visual inspection is a basic practice and the most géparsed CM technique in
industry [21]. It is conducted by experienced pertamao visually investigatea
machine to physically assess its condition and to detgctpatential degradation,
damage, or changes in the appearance. Tools andhbihequipment may be used for
visual inspection to obtain more accurate and reliabgilts as well as to help
inspectors in investigate parts or components whicheitker clear nor directly visible
[22].

Visual inspection provides instant information aboutttbalth of a machine condition.
The main disadvantages of the visual inspection indRefg21]:

» Individual base test, different inspectors may providéerint reports for the
same machine as people are comprised of varying skills,gtmaokd and

knowledge.
» Limited to visible and clearly apparent componentszarts.

» Mostly required to be conducted while the machineasatery, although some

inspections need to be carried out while the mackingnning.
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» Need to be conducted by experienced and skilledatgres and maintenance

people. Therefore more workforce and maintenanceismeguired.

However [21] emphasises that visual inspection of machinedysystems is vital and
must be regularly performed in a plant as it can dettential problems such as cracks,
corrosion, and leaking that may missed by other CM tectesi Regular visual
inspection of all significant machinery would enbarentire condition monitoring

system and detect potential faults before serious damageamay o

2.3.2Vibration Monitoring

Vibration is one of the most pervasive and widely knaendition monitoring and
fault detection techniques. It provides useful infoioratabout the condition of
components in the machine-driven chain [5]

A historical baseline of the machine’s vibration level is created, and then compared
with the current vibration level to assessifaehine’s condition. Numerous techniques
have been developed for processing and analysingtigibraignals which shown
effectiveat detecting problasin avariety of equipment and components. [5]

On the other hand, vibration based techniques arelftube inadequate and/or show
poor diagnostic capability to detect faults in thdyedevelopment stage [5]

Problems can arise for a number of different reasohsdimg): the presence of different
vibration and noise sources; presence of non-statigteyomena; the influence of
the transfer functions between vibration sources amdtiucers; transducers locations;
and sophisticated and extreme signal processing needsataio better information
[24].

2.3.3Acoustic Emission Monitoring

The use of acoustic emissions (AE) for condition monitphias advanced significantly
in recent years. Machines usually generate noiseraatkecvibration due to the contac
of two media in motion. The AE methodology is used talyse the produced acoustic
and/or noise waveforms captured by microphones. Microgdhare sensitive and easy
to mount, and appropriate and comprehensive informa#iorbe obtained due to wide
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frequency response ranges. Acoustic emissions can be ig@mfirequency ranges of
20 kHz to 1 MHz, and have been detailed at fregesnof up to 100 MHz. This
technique has been found to be an effective optomgéarboxes, bearings, tools and
engines. Moreovems acoustics are generated at micro level the tecknigjinighly
sensitive and provides the opportunity for identifyagyveloped faults at an earlier

stage when compared to certain other CM techniqués [23

However as a resutif the fact that machines generate airborne noise, thestc
waveforms can be contaminated by noisy backgroundalsigfrom similar
neighbouring machinery. Effects also include interieeefrom other related sound
sources such as the driving motor, loading generatrcaoling fan, and reflecting

surfaces [25].

2.3.4Temperature Monitoring (Thermal Measurements)

This technique conventionally involves the measurerokiite £nmperature of specific

areas such as stator core, bearings and drive windingse Theasurements can provide
indications of the changes occurring within the maghiremperature measurement is
critically effective if fitted in carefully selectetbcations. For instance bearings
temperature is traditionally measured and, togethér wibration measurements, can

provide the standard approach to the assessment of these elements’ condition [5]

However, temperature measurement also sudgetd fundamental difficultyin

resolving confusion between point temperature sensiagjis easy to measure but
provides local information only, and entire tempemtoreasurements that are more
difficult and run the risk of supervising local hatipts. One more issue with this
method is monitoring the temperature of active and giats, such as rotor windings

and core [2]

2.3.5Electrical Signature Analysis (ESA)

To address the problems of conventional fault detectrethods, motor current
signature analysis (MCSA) is suggested to dedestide range of induction motor
faults. Electrical signals are customarily measured forrebptirposes removing the
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requirement for additional measurements [26]. Studie2@have demonstrated that
faults occurring in downstream driven equipment can bectltl using the changes in
the induction motor current signal. A wide body ofearch provides surveys on the
condition monitoring techniques developed for induttnotors and driven mechanical
systems, for instance, [10-12, 17-19, 26, 29, 30], wpiovide an extensive overview
on the fault detection and analysis schemes as well ad pigitassing techniques

suggested for different faults that commonly occur istays driven by induction

motors. They are mainly based on analysis of the IM supphgurements and analysis.

Review of these studies reveals strong opportunitieshi® stator electrical signals
analysis technigues to be exploited [28]. Further,issutave shown that IMS electrical
supply signals can contain important information and aorepts related to the health
of the driven mechanical equipment such as pumps, mgeashoxes and conveyors
In particular, the IM rotation frequency componeah de detected in the electrical
signals spectra which constitutes the use of electsigpply signals to detect fault

features such as those from gearboxes, bearing andrgbalignments [9, 28].

Different strategies and analysis techniques have beggested to extract such
frequency components and fault features. For instalamdai et al (2013) [31] have
investigated the Bispectrum analysis of the inductiwotor current to detect and
diagnose motor bearing faults. It was found that mogaribg faults causes small
modulations to supply current components with higlsedevels, therefore using a
modulation signal bispectrum can overcome these issuesughddefects on motor
bearings could be detected. Benbouzid et al (L2 examined different advanced
analysis techniques on the motor current signal fteatieg different induction motor
faults. Faults tested included supply voltage imbaatecolen rotor bars, bearings
failure and eccentricity. However a high resolutitatia analysis is required in order to

extract clear information from the motor stator currégmna.

MCSA has been also used to detect downstream equipnenésigear transmission
systems; e.g. Chen et al (2012) [33] investigatedupplg current measured from an

induction motor for detecting faults in a gear trarssin system using novel
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modulation signal (MS) bispectrum method. Both gealt§aand shaft misalignment
have been detected using this technique. Kar antianty (2004 [34] suggest

replacing the conventional vibration monitoring metHor mechanical transmission
systems by analysing the motor current. The developed thegbted on a multi-stage
gearbox transmission system. A discrete wavelet transform (DWAS used to

decompose the current signal coupled with FFT analyssttact the sidebands at high
frequencies. The results show that DWT with MCSA canublksed to replace

conventional vibration monitoring. Current measuremmédrave been used in [35] to
detect planetary gearbox faults. The proposed approa@stigates the spectrum
region around the resonance frequency in the motogrsignals to extract the feature

components related to the planetary gearbox faults.

To conclude, MCSA has gained extensive interest irentegesearch however
significant work remains to evaluate the proposed igcles and test their applicability
for real life applications. Moreover further investign may be required to extract
better information, removing noise from the obtainedresur signal using less
complicated calculations and reduced resources. Additig reviewed studies were

mostly applied on directly fed or open loop contmblieduction motors.

2.4 Control System Based Condition Monitoring

The previous section highlighted that most conventiooahdition monitoring
techniques require additional equipment such as sensarsducers, and data
acquisition systems in order to gather information abauthimes being monitored.
Moreover, a relatively skilled and trained human vese is critical to perform a range
of tasks. These include the monitoring process, phypit@esses such as mounting
sensors on machines and wiring them back to a deviceltergidta, and analysis and

interpretation. These techniques are sophisticateda@stty.

To perform an effective controRCIM drives measure, calculate and estimate many
parameters that affect the induction motor speed. iISh&€C current and voltage are
measured at the drives’ terminals. These signals then are used to control the speed and

torque utilising certain calculations. Regardles$efdontrol techniques being used by
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the drive, most closed loop drives need these signatsform an efficient control and

provide the required performance.

The control system behaviour in relation to any chargga reflect the health of the
system being controlled. Any signal treated insidectir@roller can carry a sign to a
certain fault. In other words, any change in theairimechanical system leads into a
change in the system time constant and consequentlyabiitgtconditions, which
appears in the response of the control system and caloskeved on transient and/or

steady state responses.

In this section a review on the previous work that dyaplied this idea is presented. The
review is divided into two main parts. The first exptotae application of such
scheme in industry while the other discusses the techmdgreelopedor exploiting

the control system in fault detection and diagnosis.

2.4.1Application in Industry

The integration of control systems with monitoring ctinds and fault detection has
been successfully applied in different types of tecdiniprocesses to improve
performance, reliability and safety and reduce costsi€xt(i86] show that there is an
increasing interaction during fault development betwhe control system and process
being controlled. A case studly [36] used evidence to demonstrate the advantages of
including information from electrical and mechanicatadproceeded by the control

system for abnormality detection and CM system.

This system has been applied in various contexts inclyzbmger generation stations,

wind turbines, air plane engines, industrial robotsraadhine tools. For instandége

study in [37], reported the steps taken by TransGrid to apply amermondition

monitoring system for the electrical grid managed byctimapany. The control system
is incorporated with the monitoring system which letdrtprovements in the reliability

and accuracy of the general performance of the gddraparticular the control system.
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In aircrafts where very high standard of safety is usually applied,dbetrol system
is used for early fault detection and diagnostic agestgdin [38]. An artificial
immune system (AIS) algorithm is developed and appliecifaraft fault detection.
The developed approach is based on the intelligighit ftontrol (IFC) conventionally
utilised in aircrafts. The approach detects any ahabties from analysis data
available at the control system that is used for tlimaboperational behaviour of the

aircratft.

These approaches have also been developed in indubtateinclude process control
schemes. For example, [39] aimed to developing a robuslitcmmmonitoring and
control strategy for condenser cooling water systems. defmased approach is used
with a hybrid quick search (HQS) method for optimissystem performance aatl

the same time for online fault detection and healthitoong.

Control data saved by the supervisory control and atagaisition (SCADA) has also
attracted many researchers to use it for diagnosticaatiodetection and analysis. For

instance, in wind turbine generators [40-42] andigtdal process [435].

To conclude, employing control system parameters and pefare in fault detection
and diagnostics has received attention in differedtistrial applications. Electrical
grids, industrial processes, wind turbine generatorpangr generation are examples
of applications in which fault detection techniquwas be performed (or at least with
assistance) through the control systems. It is well kndvah &any changes in the
controlled mechanical or electrical system will dineaffect the response of the
control system. Analysing the control system response araVvioein may lead to the

detection of any abnormality within the system.

2.4.2 Techniques Applied for IM Driven Systems

Enormous amounts of articles have been published invesggdifferent techniques
and methods for the detection of mechanical and &latfaults occurring in ACIM
drives. However, research on the detection of fauilising signals and information

from control systems and variable speed drives of the A@Niwited [5].
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Bellini et al, (2000) [46] extensively studied the mep of IM closed loop control
systems on the diagnostic and fault features. They dabiha the conventional fault
detection methods may nbe suitable for these systems. The amplitudes of specific
frequency components introduced in different varigldpectra by the faults are
investigated and compared with the corresponding sgfadpen loop. Additionally,
torque current component is found to have strong ey with the drive control
loop actions and load conditions. The study propasst@ad to use the reference of
the field current component which is, they reportependent of the drive control
actions and the topology of a closed loop field+uee controlled drive with constant
flux control loop bandwidth. The proposed approaels vested on motors with broken
rotor bar and stator shorted circuit. However, theystlid not report on the correlation

between the suggested indices and the faults tested.

Similarly, Cunha et al, (2007) [47] studied th& components of the stator current
error signals, which are already existing at any cldeeg controlled drives. The
signals are passed through a band-pass digital filtédr drad current signature analysis
has been used to extract the required informationy Thacluded that appropriate
features can be effectively utilised for diagnosis detcting motor rotor asymmetry
faults from the analysis of current components when the systerdes field oriented
controlled IVs.

A Vienna monitoring method (VMM) is proposed in [48] tetect rotor cage
asymmetries for an invertéed drive. The machine’s torque is estimated using two
models, i.e. current model and voltage model. Any de@sim a rotor fixed reference
frame are detected on the estimated torque signals.pfidpmosed technique was
examined only on a single rotor bar fallater in [49] the same authors improve this

method to deploy it without speed feedback sensors.

A parameter estimation based technique is developg®] to detect inteturn stator
short circuits in the IM. The strategy developed empline hyperbolic cross points
(HCP) scheme to estimate certain parameters from thegecdtad current data and

applies the global optimisation algorithm to detectfthdts tested.
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As indicated in [51], speed regulators in the closeg IMs drives can change the fault
signature from the current signal into the voltage aiglepending on the regulators
bandwidth and fault feature frequency. Fault fesguwhat are higher than the speed
regulator bandwidth, e.g. stator winding turn faalte mostly found in the voltage
signals. The study suggested the use of neural netwaretetiecting the stator winding
turn faults in the voltage signals when a closed laogeds used. These findings have

been also confirmed in [52].

The impact of rotor faults on the field oriented wohdrives have also been discovered
for faults detection. The estimated rotor flux [58}, instance, can provide indicative
information about the health of the IM rotor. Rotlaxfsignals show good performance
when time varying loads exist. Similar results havenlyeported in [54], where broken
rotor bar (BRB) symptoms are clearly defined in the sges®VSD. Nonetheless, they
reported, tuning parameters of the controllers, obsetgsign and observer tuning
conditions are the most significant factors that afféet clarity of detecting
corresponding features. Torque current componentsiie®realso analysed in [14] for
detecting rotor faults. The strategy uses the ratiowdmn amplitude at the frequency
component of the rotor fault and the average of thhgu® current component to
estimate the fault severity. The spectra of the powerasgirom sensorless control
VSDs have been also used to detect and diagnose tkenbrator bars in IMs as
illustrated in [55]. The study shows that the spectta®@power composes components
at twice slip frequency and can effectively sepadifierent broken rotor bars fault

severities under sensorless control modes

Mechanical faults inside the induction motor have &lksen considered when driven
by FOC VSDs. Faults such as rotor eccentricity andrgsafaults are critically studied
in order to develog fault detection scheme that considers the effect afeddoop
actions. For instance, in [56] there is a comparistwden the MCSA and estimated
speed signals when load oscillations exist due to thingefaults. The detection based
on the current measurements relies on the frequespygmse of the drive control loops
and has to be adjusted onto a certain fundameetidéncy range. On the other hand,

the detection based on the estimated speed provides freduency ranges and the
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detection performance can be further improved by méatipg the dynamic of the

speed observer.

The angular domain order tracking analysis (AD-OT) mette@pplied in [57] to detect
static eccentricity faults im FOC drivenIM. The scheme is tested under different
degrees of severitiea different speed and load operation conditions.yTdlaim that
the use oAD-OT is advantageous as it is time and frequency invanhith makes it
suitable for analysing stationary or non-stationaryrenus. However, it needs an
encoder measuring device fitted.

When sensorless VSDs are used, terminal power supply pararaet incorporated
together with IM mathematical models to estimate bothdiuk speed. Such estimation
schemes basically relying on the state parameters obsefherabserver estimates
system variables to produce errors or residual signatsjarction with corresponding
measurements. The residual signals are then relied oméoctntrol parameters to
maintain operational performance even if there are derable disturbances such as
noises and component faults [58, 59].

Notably,this control strategy outcomes provide robust control perémces. However,

it can result in adverse consequences to the system \gés progress to high
severity. To prevent the occurrences of such consegsgtiferent schemes have been
suggested to include residuals from the observers imthiedetection and diagnosis
tasks. For instance, the reference in [60] used a staerver to generate a vector of
specific residuals for the detection of induction mati@tor faults. The residuals are
decompensated to obtain the negative sequence contpdnieh is then used as fault
indicator. The study in [61] developed an obsenaseld algorithm that is independent
of load and speed oscillations and able to detect-iata short circuit faults in the
stator. However, it was sensitive to motor parametetisn@eded to be adjusted for

each motor condition and type.

To overcome the problem of parameter estimation andowepthe accuracy of the
observer based schemes, different approaches have beestsdgéror instance [62]

presented an induction motor parameter observer, witeaeges in the estimated
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parameters can also be used for fault detection andidatiah strategy. This method
is used for stator and rotor faults detection. Obsdrased fault detection has also been

widely used for current and speed sensors fault detesgipnoposed in [63-65].

On the other hand, the literature shows that thectieteof faults in the mechanical
systems driven by closed loop control drives has redé@as attention than those faults
occur in the IM [66]. The difficulties in monitoring the condition ¢fie mechanical
systems driven with closed loop controlled VSDs inclukle fact that the fundamental
supply frequency is widely changing [67], compensagffiects of the drive which
masks the features that these faults c§66k and the high level of noise from the
power electronic devices on the drive [46]. Even so,ehbdsed fault and monitoring
strategy detection approaches which rely on obsemt@enses can provide better

indication and allow for deep understanding of trexpss condition [68].

For example, in study [66] an approach is suggestedvistigate the potential of
detecting the gearbox features from the estimateddwgde. A torsional load observer
is developed in order to monitor the oscillations in thechanical system. The
estimated load oscillation is filtered using a first-orldev-pass filter (PLPF) in order
to keep the features of concern on the signal. Hewethe approach was not
experimentally tested on real applications. Load torgseillation has been also
observed in [69] for detecting faults in mechanichsmission systems. The suggested
observer is used for both control and fault detegbiorposes. Features such as those
from gearbox related frequency components have betattdd, with very small
amplitudes, in the estimated load oscillations. Howeagain the proposed observer is
not tested on a faulty gearbox and real applicatibikewise, torsional vibration in
systems driven by sensorless VSDs have been obseri@g] using the IM electrical
supply voltages and currents. The observed signals algsedand investigated in
order to extract and locate frequency components warielnduced by the gearbox in
the torsional vibration. These frequency componentshene used for diagnosis and

fault detection purposes.
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2.5 Mechanical Faults Tested

As indicated earlier, the detection of mechanicdt$auithin mechanical transmission
systems are no yet well discovered when systems driven witborsess VSDs.

Particularly, shaft misalignments, water in oil contaauion, oil viscosity changes and
less gear lubrication faults are very common in indyustng the gap in detection of
such faults using power supply and control data isr.claathe following sections a

review on these particular faults and their influeanghe power supply parameters.

2.5.1Shaft Misalignment

It is widely acknowledged that zero misalignment catweqbractically obtained [120],
and rather an acceptable degree of misalignment is tk®dever such degree of
misalignment may not always be maintained constant as thatiageconditions and
dynamics of movement in parts could effect it and chahgealignment settings,
leading to deterioration over time.

Shaft misalignment occurs between two coupled rotatnadts, where the centrelines
of the coupled shafts do not concur. Shaft misalignmenérates different extra forces
that may affect the rotating machinery. Some exanmptdsde centrifugal forces which
cause rotating load imbalance, friction forces in tharings, parametric forces related
to the variable components of rigidity of rotatingjexts and their supports and finally
shock forces which are excited by the interactiosepiarate friction elements together
with their resilience. Shaft misalignment is very coomin industry and may lead to
catastrophic machinery malfunctions. It causes additihedtion to the system, shaft
failure, decreases the lifetime of couplings and motearings, reduces system

efficiency and increases power consumption.

Shaft misalignments give rise to significant problemstatmg machines, frequently

causing additional dynamic loads and vibrations insystem. It hence dek to early

damages and causes additional electrical energy lo442$. [Studies show that

misaligned machines can cost a factory 20% to 30% of imegitdowntime [109].

Additionally, as stated in [11@recisely aligned machines can save from 3 to 10% of

energy consumption. Other studies show that misalighmsethe source of 70% of
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vibration problems [111]. Many studies have been caediugsing different diagnosis
and detection techniques for early and effetyidetecting shaft misalignments. These
include vibration [113, 114], wireless sensors [1A%H]1model based fault diagnosis
[116, 117], and motor current signature analysis [118]. However, most of these

studies were performed on motors fed through either dirasts or V/Hz drives

Shaft misalignment is categorised into three types:liphraisalignment that occurs
when two shafts centrelines are not in the in the samedingular misalignment that
occurs when there is different angles between the siwadts, and the third type

combines the previous two types.

A review of the literature shows that the detectminshaft misalignments in
mechanical systems driven by sensorless VSDs has been |jiied 21]. One of the
main difficulties in misalignment detection with systemsaeini with sensorless control
is that the drives compensate for any dynamic effectseckloy the fault and introduce
more noise to the measured data. In addition, the maecmontents at motor terminals
from the drivés output, particularly stator currents and voltages, is higiiclv does not

facilitate the identification of small changes in ternhswgpply parameters [46, 52]

2.5.1.1Effects of Mechanical Faults on Static and Dynami®ower Supply

Different attempts have been made to estimate thesfarwttorque as well as vibration
generated from misaligned couplings, such as [120,1222-Different parameters can
effect on the behaviour of the misaligned shafts. stance, as explained in
[124]forces and moment generated are a function diekible coupling compliance.
That is the restoring reactions of the coupling tedsend the shafts. The bending
forces increase with speed and load, thus leadingteases in vibration. The work in
[108] details the modelling equations and summarises fahees generated in
misaligned flexible couplings and shafts. Such forcesslaosvn to push the rotating
shafts sideways, generating additional load torqué disaillates at the rotating
frequency of each shaft. Hence, change in the émguucomponent of the misaligned

shaft as well as its sidebands across the supply frequergpected.
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In the case of two rotors misaligned, more vibratiores generated due to reaction
forces and moments that are produced through the ogudl22]. In a study by [108]
the forces generated by two misaligned shafts are erdmifhe work includes
deriving the equations of motion of two shafts coupldtth flexible spider coupling
and the equations are solved using Lagrange Euleriequ&igure 7.1 shows a
simplified schematic of two coupled shafts with a paranisalignment:

Tm/-\gl /\6’2
-V;yj----------._(_._/.J.,L._.;./_\

Figure 2.2 Parallel misaligned shafts

As calculated by [108], the oscillating torglig,,,, generated by parallel misaligned

couplings can be described as:
e .
Toscmg = NKb E(xl Sll’l(@l - 90) + ) COS(@l - ‘90) -

x,sin(6, — 6,) + y, cos(6, — 6,) (2.2)
Additionally, oscillating torque§’,.., andT,.., will also be generated due to the

unbalanced mass in both shafts due to the misalignment:
Tocer = 9-81e,meyc0s(6] — 6)) (2.2)
Toecr = 9.81e. m,y,cos(2" — &) (2.3)
wheree represents the misalignment between shéfemdé, are the angular speed of
the first and second shafts respectivélyis reference angular speed, y,, x, and
y, are the displacements of the first and second shaftsatesgly, K, represents the
coupling stiffness of each pair of jaw/ring,., andm,, represent the mass of shafts at
the physical eccentric centre. is the geometric mass centre from rotational centre, e
is the misalignment between shaft and eccentricith@ihass from geometric centre,

andN is the number of equivalent pins/rings in each flange.
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This shows that when two shafts are misaligned, a taillating torque will be
generatd:

Tosc = Toscmg + Teccl + Teccz (2-4)

This oscillating torque will be at a frequency relgtin the rotating angles of the shafts,
(6, — 6y)and(6, — ), with an amplitude dependent on the size of misaligniaverht
shaft properties. When shaft properties are constastinflicates that the change of
oscillation will be highly dependent on the size & thisalignment. Additionally, as
reported in [162], static forces are generated dtiee misalignment causing a constant
torqueT,, . in addition to the periodical oscillations describadier. The fixed torque

is dependent on the type of misalignment and couplihgrefore, the torque resulting

from shaft misalignment can be represented as follows:
ng = ngc + Tose (2.5)

As a result, shaft misalignment generates a torsionatidiorthat induces additional
oscillations to the air gap magnetic field and moduldtedlux based on the rotating
frequency of each rotor. Additionally when the gap flux is oscillated, the system
speed also fluctuates which motivates the drive regslédadamp such fluctuations in
the speed and maintain it at the reference. Moredhe static torque component

generated by the misalignment will cause additiondicdtzad to the motor.

2.5.2Lubrication Oil Degradation

Gearbox lubricants are critical in maintaining effiti@nd effective operations [125]
Lubricating oils must reduce wear and friction atdbetact surfaces and separate them
to ensure appropriate operation and avoid failurelelail properties also affect gear
dynamics, such as vibration, power characteristics lsating [126]. Therefore,
continuously monitoring changes in lubricant propertexucial for avoiding defects

within machines [127&nd to prevent unexpected breakdowns.

Studies show that oil properties considerably affeetrigox behaviours and
performance due to churning and splashing [135]. @urming causes significant

power losses in the gearbox. Churning losses rise witeasing viscosity at low
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speeds, yet these losses decrease at high speeds [16Futtt@r, as found in [165]
viscosity increases temperature due to internal lubdioiic However a high
temperature motivates chemical activities and good loghoal layer formation.

Conversely this will decrease the viscosity and hertbener oil film is formed.

The formation of the lubricant film is highly dependeam the viscosity. It is

acknowledged that higher oil viscosity results in akididilm, and consequently in
lower wear and improved damping properties and afgaraoved deterioration load
capacity. Viscosity is mostly used for condition monitgrand degradation detection
for gearbox lubricants [126, 166]

Lubricants in gearboxes are degraded mainly due to toxidgoarticle, insufficient oil
volumes and water contaminations [125]. Both oxidafidiO] and water [128, 129]
generally increase the lube viscosity. Water causesfisayt chemical and physical
changes [169]A study conductedby [134] shows that corrosion due to water in the
lube oil is responsible for 20% of all failures to gupent. Hence, water contamination
detection has received significant attention to awaithstrophic failures and increase
the life cycle of equipment [127]. More details oe tiegative consequences of water
contamination in gearbox oils can be found in [17@] fL71] Moreover, studies [129]
and [128] show that the most significant and immediatsequence is distinct changes
in lubricant viscosity. This means that the dynamic siadic behaviour of gearbox

transmission systems will also change accordingly.

Similarly, insufficient oil quantity in a gearbox caause less lubrication at gearing and
bearings resulting in damage. Oil shortage may alscatelia leak from seals or
gaskets. On the other hand, if the recommended oil Isveixceeded, operational
efficiency will decrease due to the increase in pdasses from churning and higher
operating temperature. Oil and seal lifetimes can laendtically decreased when
operating temperature is higher than manufacturer reemdations. Additionally,
high oil volumes contribute to oil seal leakages.

Continuing and widespread efforts are being appbedilt condition monitoring and

diagnostic system development and research. However magtssed techniques
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require additional equipment and are not always ablée utilised for online
measurementThis implies a significant need for a cost effective aelhble oll

degradation technique [125]

In general, electrical power supply signature anabsisvibration are the most widely
used techniques for fault detection and condition toang [171, 172] Nevertheless

there is no evidence in the literature shows thatethechniquehave been used for
lube oil degradation detection and diagnosiser@ is clearly a limited knowledge of
the potential of using signatures from electrical messents in systems driven with

sensorless VSDs to detect lube oil problems [127].

2.5.2.1Effects of Lubrication Properties on Power Supply

Based on gear lubrication mechanisms, an incrieagscosity will maintain more oil
on the surfaces of meshing teeth and hence is likétyrothicker hydrodynamic films
leading to a reduction of frictional force. On thteer handa decreasen viscosity will
lead to higher friction. Furthermore, as the occuweenf tooth meshing is a time-
varying process according with the meshing periods iexpected that change
frictional forces will alter the vibration responsesioé gearbox at meshing frequencies
at their high order harmonics. As shown in [171], tiiation spectrum is strongly
related to the lubricant viscosity in a high frequerayge from 2300 Hz to 7000Hz
based on a 0.34kW gearbox.

In addition, it is also likely that this change tribological behaviour will affect the
dynamic responses of components associated with gearretefon frequencies.
These components exist as a result of avoidable geanfacturing errors such as
misalignments and accumulative pitch deviations, whicis&anon-uniform meshing

process and eventually lead to chamgdynamic responses at shaft frequencies.

Inevitably change iriribological behaviour will also lead to alteratioms average
friction losses. It means that the overall load of theesyswill be varied for different

oil contents.

According to the study [173], oil density, viscosity aritdsqueezing will also lead to

considerable losses of power, reflecting on static measnts such as average supply
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current, voltage and thus the power. Oil degrad&tienefore changes the lubrication
properties and hence the dynamic behaviour of tlze gdl also correspondingly

change.

Power loss sources in a gear transmission relate tougagiear parameters [125, 174]
such as teeth geometry, specific sliding, and lube piiepe However, viscosity is a
key element in improving gearbox efficiency and perfance. Research in [125, 174]
show that the use of a lubricant with a suitable visgaiuld reduce up to 20% of
power losses. Power lossBsin gears can be approximated as follows [174]:

Pr = Ps+ Poy + Pyy + Pyo + Py (2.6)
wherePy,. denotes gear friction power logy,, is gear churning power loss, which are
more significant compared with these other three logggsdenoting load dependent
power loss in rolling bearing®,,, denoting power loss in rolling bearings, ahd
denoting seal power loss. The gear frictional power fase load dependent and also
related to gear geometry, number of teeth of boén ged pinion 4, , z,respectively)

and friction coefficien{ u,,,), and can be estimated based on [173}:

1 1

Pre = (5 50) (1= (P572) + CD7 + G297 Pant (2.7)

Z1 Zy
It shows that the average friction coefficient hagaicant impact orP,.. According

to [175, 176, 178] the friction coefficient candmculated from the following equation:

0.2
i = 0.048 (L2) ™ 005 R =025y, (2.8)

V. pe oil
Equation 8.3) shows that,, is inversely proportional to the lube viscosity, and
velocityv. On the other hand, the churning Ié%g in a gear are load independent

losses, and mainly depend on the velocity, geometryeofrtoving parts immersed in

the oil and oil density and viscosity, which can be estimated from [175, 178]

P =55 [0 () 4B [(2) () oo @9)

Equation (2.9) shows the complex influence of geangty and velocity on the power
losses due to oil churning and splashing. The ReymuldsberR, depends on the oil

density and viscosity and is given as:
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R, = (2.10)

Toit
While losses from churning in bearings depend on beayipg and size, bearing

arrangement, and lubricant viscosity [163], and aaodiculated from [178]:
Pyo = %.n. Gpy.1,,%/%.1073 (2.11)

where:P;, denotes input poweyy is the length of approach, represents the length
of recessFy is the Froude numbeR,, means roughnesg, is base pitchk,, is tooth
normal force in the transverse secti&p,is an adjustable parameter relating to each
lubricant,b is face widthps, represents sum velocity at pitch pomt,is equivalent
curvature radius at pitch point,denotes specific weighk,;; is oil volume,Gg, is a
parameter depending on the bearings geometi/input speed (rpm]) representsu
characteristic linear dimensioti, is the mean velocity of the flow ang is the
dynamic viscosity.

Equations (2.7) to (2.11) show that oil viscosity hasgaifscant effect on gearbox
power losses. The frictional power loss is inversely propnal to viscosity values and
operating speeds, as shown by Equations (2.7) and (2:8)efSely, the power losses
from churning increase as the speed, viscosity and ailnelincrease, as shown by
Equations (2.9) to (2.11). Nevertheless, the churnimdyded loss may be more
dominant as its fractional power value is higher algiooioth these two types of losses
will also alter the dynamics of gear transmissiorparticular, the churning effect can
reduce the effect of damping and increase the momeirtedia of the rotational

system. Consequently, it leads to more oscillatory motigheogystem.

Changes in lube properties can, therefore, be repgezbby the sideband components
at frequencies related to supply and shaft frequenthes.amplitude changes at the
supply frequency can be used as a basis to examirdytiaenic effects. In systems
driven by sensorless VSDs the supply parameters are abjustée control system.
This may provide more opportunities to observe suchtsffetcontrast to sole usage
of the feature frequency components based on the hgtagk changes under direct

voltage/Hz control methods.
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2.6 Observations from a Review of the Literature

The observations from reviewed articles point to thaieation of numerous methods
to derive information about the health of processesudety visual inspections,
vibration, thermal monitoring and acoustics emission mongo In the case of
induction motor driven systems, motor electrical sige@sature analysis has received
increasing attention as it is already availablen@st instanceat the motors’ terminals;
hence there is no need for additional measuring deviéelditionally, detailed
information about the health of the monitored systerhgei¢lectrical or mechanical,
can be obtained from these signals

The review of the literature has also showed thaefesghemes have been developed
for detecting faults in induction motors driven witlosed loop VSDsYet, most
developed strategies are for detecting, either,dandtur inside the induction motor,
such as rotor, stator and bearings faults, or faulddeeito speed and current sensors.
Less work appears to have been performed on the aetecti mechanical
misalignments and oil degradation such as water contaomnnadiss lubrication and
viscosity change faults that develop in the mechaniciésys components driven by
the induction motor and V3DThe need for the detection of such faults withdwat t
addition of complex calculations and consumption gfree resources from the
sensorless VSD while using the same information that the drive’s control system uses

is clear.

Moreover, common mechanical faults in industry, i.ecma@ical shaft misalignments,
water contaminated oil, oil viscosity changes and oikllechange, were not yet
discovered. Particularly, no previous work has lookethe potential of detecting and

diagnosing these type of mechanical faults using dati¢éadle at the sensorless VSDs.

Therefore this research work aims to fill this gafd develop a condition monitoring
scheme for detecting mechanical misalignments and aiadatjon problems such as
water contamination, less lubrication and viscosity gearfaults in mechanical
transmission systems driven with sensorless VSD based on efsstrat are usually

employed for control purposes.

31



Chapter 3

Sensorless Flux Vector AC Induction Motor Drives

This chapter is provided to study the theoreticgpexts of induction motor, speed
control systems and sensorless variable speedsdrBesed on the theory, it then
examines the effect of the mechanical fault ongbeer supply parameters and the
role played by the drive in this case. Thus, is thapter, the induction motor working
principles and construction is firstly presentetlofwed by a description of the base
concepts of the control system and theory. Thisliewed by details on the induction

motor drives and main induction motor speed consiblemes. The principles of the
sensorless drives are also explained while fintkyeffect of mechanical faults on the

supply parameters and the response of the sensaf83 is presented.

3.1 Introduction

AC induction motors (ACIM) are widely utilisad industrial motion systems, for their
reliability, simple construction and jagged desigw;, Gperating cost, direct connection

to the power supply, long life span and premium eneffigiency [1, 3].

To operate efficiently [13], an ACIM must run wittsanall slip. The two variables that
determine the speed are the pole number and theysiupguiency. Therefre when
continuously adjustable speed over a wide range isededine best method is to
provide a variable-frequency supply [13]. This igrieal out by means of an inverter or
as commonly called Variable Speed Drives (VSDs). Thial$® named Variable
Frequency Drives (VFDs) and Adjustable Speed/FrequBniees (ASDs, AFDs) [70]

Various types of ACIMs and VSDs are available for défe applications, and diverse
methodologies are used for monitoring their conditiormvéver, this research mainly
focuses on the Sensorless Flux Vector Control for A@ethghase asynchronous

squirrel-cage induction motors.
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3.2 Basic Concepts of Control Systems

The term control system here is used to refer to a systnstutilised to maintain a
variable(s) at a desiredefgpoint or reference) value(s) within accepted linjitg].
Normally control systems are represented by block diagrachsransfer functios, in

the S-Domain, describing each component in the sy$i@h

3.2.10pen-Loop and Closed-Loop Control Systems
The open-loop control system is represented in FigdrenBiere the controller obtains
the setpoint and uses it to generate the control o[itglit

Disturbances

Process
Process |———— QOutput

) Control Signal
Setpomt =

—  »| Controller

¥

Figure 3.1 hputoutput configuration of an open loop control system, redrawn [72]

The closed loop control system is shown in Figure 3.2. It shows that a “feedback” line
was added to the open loop path which allows to comggstem measurement with
the reference [71, 72].

Controller Disturbances
P ' Manipulated
Setpoint! 6 ;) Controller |1 Variable > Process Process
! Error Mode i Control signal Output

Feedback signal

Measurement | ¢

Figure 3.2Block diagram of a closed loop control system, adafrtaih [71].

3.2.2Time Response and System Performance

The system time response represents the overall systeonnpentce and shows how
the system behaves and changes with respect to time ltatevéhe entire system
behaviours.lt describesthe Dynamic or “Transient” and Static or “Steady-Staté
performances, as in Figure 3RBgure 3.4 represents the most important time response
parameters [8, 13].
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Figure 3.3System performance as shown by its time response, redrawn from [13].
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Figure 3.4 Time response characteristics after reference step change, ammndef f

The Bandwidth (frequency response) idisas/sec (o) or in hertz (Hz), is another
parameter commonly used particularly in speed cosysiems. It is defined as [&he

maximum frequency range of input signal that thgpatican follow’ [13].

3.2.3System Stability

Stability refers to the system behaviour as respondingféoence or demand changes.
If the system oscillates in constant or growing amplitid&me then the system is
referred to as an unstable system. Figure 3.5 depiiifetredt types of system responses
to a step change [8, 13].
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Time
Figure 3.5 Stable and unstable system responses|8].
3.2.4 PID Controllers

The term PID refers to Proportion, Integral and Denixe controller algorithms. The

controller can be proportional only, proportionalgintegral or a combination of the
three PID controller modes [7.3]

» Proportional controller provides an output proporiaio the error signal [73]:

Cout = K e(t) (3.1)

» Integral control mode provides an output proportidoathe integral of the error.
The output of the PI controller is given as followS]:

Cout = Ky e(t) + K; [e(t)dt (3.2)

» Derivative action produces a signal proportiondghtderivative of the error [73]:

Cour = K, e(t) + Ky (de(t)/dt) (3.3)
» The PID controller uses the three modes to produce tpetdi3]:
Cout = Ky e(t) + K; [e(t)dt + K (de(t)/dt) (3.4)

Figure 3.6 represents an example of a speed process| samere many variables are
processedio maintain the speed at the desired value. Additionidé/ process includes

multiple control loops that are connected in series (caszaueol system[8].
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3.3 AC Motors: Construction and Work Principle
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Regulator

Flux

udue-loop.
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Process
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| |
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Controlled threg
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Figure 3.6 Speed control system with multiple control loops, adapted&jom

The ACIMs are constructed from the stator which is ected to the power source and

the rotor that spins inside the stator within a prégisegineered air gap. Currents are

induced into the rotor via the air gap from theataide. The stator and the rotor are

made of highly magnetisable core sheet providing low exdyent and hysteresis

losses [13]. Figure 3.7 shows an exploded vieatgpical ACIM.

Item | Description Iltem | Description Item Description

1 Shaft sealing ring 6 Rotor, complete 10 Rating plate

2 End shield 7 Stator, complete 11 End shield

3 Assembly screws 8 Housing foot 12 Cooling fan

4 Rolling-contact bearing 9 Terminal box, complete | 13 Cooling fan cover
5 Spring washer

Figure 3.7An enlarged view oftypical AC inductionmotor[74].

36




3.3.1The Stator

The stator corés usually made of a doughnut-shaped stack of thin Eeehations

with insulated slots. Slots are opening to the ingideneter holding the stator coils
(windings) and held together by suitable means. Eaghlamination is separated from
the other. The teeth are separating the slots amy ttee magnetic flux from stator

windings to the rotor thragh the air gap [74] Figure 3.8 (a) shows the statoe stots.

Stator windings are made from insulated copper wireseddda in the slots. A number
of identical array of uniform coils are twisted ardueach stator tooth. Coils are
connected together to form the three phase windoigsilated around the stator, and

symmetrically located with respect to one another.[74]

Currents in the stator windings are supposed of equditadebut differ in phase by
one-third of a cycle Zm/3) forming a balanced three phase set. As current flows
through the coil on the first tooth, it creates a mégrfeeld of polarity that opposes
the polarity of the opposite tooth, as shown in FegdL8(b) [75]

Start 1

a) Stator core slots b) Windings distribution in stator slots
Figure 3.8 Stator slots and windings [77].

3.3.2The Rotor

The rotor is constructed of the shaft and cage contsjas shown in Figure 3.9. The
rotor shaft is made up of cylindrical cast iron corke Bquirrel cage rotor windings
consist of a number of heavy, straight and embeddegecap cast aluminium bars,
regularly circulated about the periphery, and cotettat both ends by end rings. The
slots accommodate the rotor conductors; and are skewethimise torque pulsations
Blades are attached to the end ringlutwtionasa cooling fan [75].
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Rotor bars

Ehdsing (slightly skewed)

A B

Figure 3.9Squirrel-cage rotor: (A) cage construction; (B) asdethfr1]

3.3.30ther ACIM Parts

As shown in Figure 3.7, the induction motor assemblyainatother parts including
the motor shield, assembly screws, spring washers, cooling ththancover. As
indicated earlier, the air gap between rotor aatbsis minimised as much as possible.
Thus, the shaft should be made short and rigid todaaoy deflection; even a very
small deflection may cause large irregularities in thegap which can cause an
unbalanced magnetic field. Accurate cantering beararg used to help in avoiding

any asymmetries [76].

3.3.4ACIM Motor Current, Speed, Load and Torque

The torque is produced by the interaction betwéenradial flux from the stator and
the axial currents in the rotor. The torque actherdame direction as the rotation and
causes it to drag the rotor along by the field. Tterrwill never reach the synchronous
speed as, if it did, there would be no rotor curreatemf, and hence no torque. Typical
torque-speed-current curves for a squirrel cage IMlaogvn in Figure 3.10 [13].

When starting the induction motor from the rated syppltage, a high starting current
is induced into the rotor known as the “Locked Rotor Current (LRC).” This current
develops a significant amount of induced emf in therrowhich generates the
“Starting” or “Locked Rotor” Torque (LRT). However, as the rotor accelerates both
current and torque alter slightly with the rotor ghesnd if the supply voltage remains
constant the torque reaches its minimum value referred to as the “Pull-up” torque. As

the rotor speed increases and approaches full speedt @®0% of synchronous
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speed), the torque grows to the maximum point which is known as the “pull-out or
breakdown” torque accompanied by a slight drop in the current. As the rotor accelerates
further towards the rated motor speed, with no Idedh current and torque would
rapidly fall to minimal values. [8, 13].

Locked rotor curent —— Load
/-” — Crrent
500— —— Torque
E g Pudl-ott Tergoe
& & 400~ S
E -E Locked rodor torgue
= = 300
I'."a "."5 Pull-up Terque
% 2200 Py
3 £100 -
EFE Full Load Torque
\
I | [ 1 I I I I
100 80 60 40 20 0 Slip %

o 20 40 80 80 1005%

Figure 310 Typical torque-speed-current curves for the ACIM, amended fréin [7

3.3.5Induction Motor Equivalent Circuit

Due to the similarity, in the steady state case, tieetlphase induction motor is
generally represented the same way as a three phase transformer. The statbhngs
represent the primary windings and the rotor windinggessmt the secondary
windings. The stator and rotor iron transfer the fleteen them acting as a core in
the transformer [77]The one phase equivalent circuit of a three phasetimh motor

is depicted in Figure 3.11

Stator Stator leakage Rotor leakage

: i i Rotor
remstancem ] inductance Co e
VVVVYV Lis Ly
Rs Im Magnetisng R,
Current
Mutual
us inductance J O
Ly l
Stator circuit i Rotor circuit

Figure 311 Per-phase induction motor equivalent circuit, adapted from [78].
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The stator windings can be connected in delta or #tardefinition of thas andus
needs to be considered accordingly. In the delaected winding thes is the line to
line voltage while thés is the phase current. In the star caseuthlepresents the phase
voltage ands represents the line current. The line current itadennected motors is

lagging by2m/6 from their corresponding phase and is times V3 in magnitude [77]

3.3.6Principles of Operation

Physically, the stator and the rotor are not conde®&€ currents are induced into the
rotor via the air gap from the rotating magnetic feid the stator side. The motor
power supply creasan electromagnetic field in the stator windings thas ¢hrough
the air gap into the rotor windings. This electromaigrfeeld indueesa voltage in the
rotor bars, as described by Lenz’s law, and stimulates a current that circulates within
them. Hence, another electromagnetic field is credtedt interacts with the
electromagnetic field of the stator. The interacti@ween both electromagnet fields
generates a twisting force, or a rotating torque, ribtates the rotor in the direction of
the resultant torque [8, 13, 79].

The field in the stator takes a half-cycle to movenfrone pole to the next while the
field crosses one pole pair in each electrical cylde number of pole pairs specifies
the number of the electrical cycles the field needsamplete one revolution. When
the rotor spends at the field revolution, it is then Byogised with the field [74]. The
following general formula [13, 74] describes the speedtha field produced

(synchronous speed)
ws = 120f,/N, (3.5)

The rotorcamot run at synchronous speed for the reason thatawtafithe rotor at
synchronous speed entails that its relative velociti vaspect to the field would be
zero and no emf are induced to the rotor bars. Thidteein an absence of force, and
lack of any torque on the rotor [13, 80]. The relawelocity between the rotor speed
and the synchronous speed is called gipand expressed as a ratio as follows [13]:

s =" (3.6)

Ws
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3.4 Principles of AC Drives and Traditional Drives

Three phase VSDs principally consist of: a Rectifiat tonverts the AC power supply
into a DC; a DC link which is used for filtration asthoothing the DC signal from the
rectifier; an Inverter that converts the DC sigresleived from the rectifier via the DC
link into a controlled variable frequency and val&aAC voltage signals; and fingll

the Control Circuits that are used to control eith@h inverter and rectifier bridges or

inverter bridge to produce the required supply llewe frequency [8].

3.4.1 Principles of AC VSDs

The speed of an ACIM generally can be controlledaldjusting both voltage and
frequency [8, 13]The synchronous speed and slip are described by thessixym® 3.5
and 3.6 respectively. When the IM is supplied by edtlphase sinusoidal voltage and
neglecting the voltage drop across the stator wirgjithgg magnitude of the voltags (

can be approximated during the steady state as fol®iys [

TN (3.7)
u u
Vs¥o ~ 211, (3.8)

The Equation 3.5 illustrates that motor speed is detethbgethe supply frequency,
while the formula 3.8 shows that the stator flux remaimstmt when the voltage per
frequency ratio is maintained at a constant level 813, However, at low frequency
and hence low/Hz ratio, the voltage drop across the stator windingemsiderable
and needs to be compensated. On the other hanelyatezl speed the frequency needed
is high and hence high voltage is also required t@ kiee\V/Hz ratio constant. High
voltage may exceed the rated voltage values and nraytibe winding insulatordn

this case there is a need to break\th¢z ratio rde and adjustment in the voltage is

required to prevent the damage. The rated voltaggeevmust not be exceeded [81].

Principally, the AC drive changes a fixed supplytagé (V) and frequency (Hmto a
variable voltage and frequency. The output frequethetermines the speed of the
motor, while thev/Hz ratio regulates the electromagnetic torque geneféjed
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Figure 3.12 illustrates the electromagnetic torquesgeedof an induction motor fed
with different voltage and frequency values. Farfixed current value, the
electromagnetic torque of the motor is constant asdasrtpe motor speed is less than
the rated speed. This is called the constant taregien, where the voltage, hence the
power, is variable up to the rated motor voltage thedoreakdown torque is constant
for the entire region. When the motor speed reacleesated value, the power supply

enters the constant power region [79,.82]

N
Constant Torque I Constant Power

I Voltage

Torque

Torque, Voltage, Current

I
I
|
/ I
: Current
I
I
|
l

Rated speed Speed (Frequency)

Figure 312 Motor torque-power characteristics, adapted from [84].

Nevertheless, for every frequency value there wikhberque-speed curve in which all
torque speed curves have the same breakdown tordue imathe constant torque
region. Therefore different operating points carfdaend on the torque-speed curves
when they cross the 100% torque level, indicating rdtted torque. Figure 3.13
illustrates the motor torque curves at different supgguencies [8, 13, 83].
300 —
% Torque

200 = Operating
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/
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Figure 313 Motor torque vs. supply frequency [8].
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The pulse-width modulat (PWM) drive can be given as an example of the
construction of VSDs. The PWM basic structure is showfigure 3.14. PWM drives
mostly possess the same structure, with appropriate vasiambardware and software

components [8]

Input Converter
(Diode Bridge)

Output Inverter
(IGBT’s)

668
a5

Figure 314 A block diagram of a PWM drive as an example of VSDs [86].

As shown in Figure 3.14 the diodes bridge convertadgative parts of the waveform
into positive. The average of the DC voltage istelvoltage x 1.414 = DC bus voltage.

The rectifier output is filtered by combining botletimductor and the capacitor circuit.

The inverter utilises insulated gate bipolar traossst(IGBTs) that act as power
switches to regulate the DC bus voltage at specifecvals in order to create a variable
AC voltage and frequency output. The control pathe IGBT isturned “on” and “off”

as needed by control circuits, at specified internmabviding an output in a form of

voltage pulses that have a constant magnitude in haighiustrated in Figure 3.15

[84].

The control board in the drive activates the dsw@rcuits turning the supply waveform
positive or negative, creatirmghree-phase output. The amplitude of the outputgelt
is defined by the length of time the IGBT remains on, evthie signal frequency is set
by the length of time the IGBT is off, as shown in FegGrl6 [8]

43



G nne
TR

Ao
e el MWH““MWL’WWA ﬂﬂ“ﬂﬂ'“'ﬂ“ﬁﬂr —
(b)

Line to Neutral &Nﬁ‘\\u
me to Neutra
Current ,;"/V \ _1

I o J )“'
\‘Q‘-\I_\f"ﬁ"}} 7

(c)

a) Reference Signal and Carrier Signal, (b) Load voltage, (c) Current

Figure 315 Voltage and current waveform of a PWM [8].
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Figure 316 Frequency and voltage creation from PWM [86].
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3.4.2Traditional VSDs

There are three common traditional AC drives, namebriable Voltage Inverter
(VVI), Current Source Inverter (CSI), and Pulse Widdodulation Inverter (PWM)
[70].

» Variable Voltage Inverter (VM)

The main advantages of the VVI drives include: wide dpaage; multiple motors
control (within current limit), and simplicity. Howev there are a number of
disadvantages, principally: input power factor dropsttee motor speed decreases;
generates line spikes due to the SCR control techyaliigsed at front end; additional
output harmonics are applied to the AC motor; createdor cogging (shaft
pulsations/jerky motion) at low speed, and which may canssgy equipment problems.
The block diagram of VVIs is shown in Figure 3.17 [85].

Variable DC Bus

w= £ L F | 4 BE®

Controllable Inverter
Rectifier

Figure 317 Block diagram of a typical VVI drive [8].

» Current Source Inverter (CSI),

The construction of CSls is similar to VVIs. The inputtifear provides a variable
voltage to the DC bus utilising SCR devices. Figur® 3Hows the block diagram of a
typical CSI [85].

Variable DC Bus

= I =0

Controllable Inverter
Rectifier

Figure 318 Block diagram of a typical CSlI [8].

The advantages of CSI drives include: higher efficyeand high power factor; the
production of a reliable short-circuit protectioredio the current regulation within the

drive, andthe ability to continuously operate with a faulty dmv{70]
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However, there are also specific drawbacks: lowertippwer factor at low speeds;
motor cogging at low speed; limited speed range, anergtion of line spikes by the
drive due to the use of SCR technology in the feard. Finally, the characteristics of
the motor must be matched to the drive and in most chsesdtor is an integral part
of the drive system [85]

» PWM Drives
The general construction PWM is explained earligfigure 3.15. Some advantages of

a PWM drive can be concluded: higher efficiencydevispeed control range, with no
low speed cogging at less than 20 Hz operation. Cdldeantages include: the
capability of power loss ride-through, open circuttpction, and a fixed input power
factor due to the constant diode front end and D€ ibductor. Moreover it allows

multi-motor operations (within the drive current Itg)i However there are also a
number of disadvantages related to the need fortiaal components for line

regenerative capability. Line side harmonics are atsunaiderable disadvantage with
PWM drives. Furthermore in some applications it has beanrsto heat the motor and

damage the insulation [86].
3.5 Field Oriented Control

3.5.1Basic Principles of keld Oriented Drives

The term field oriented control (FQQCefers to the manner in which these drives
operate. It is also sometimes called the Flux Vectortt©@bbrives (FVC). Primarily
FOC drives are based on IM field orientation confF@C) to simulate the operation
of the DC motors. The field producing current is mairgd constant ensuring that field
windings always have a constant flux [8, 86, 87]. TMestator is supplied from the
drive, and at any one time will have currents of niagiesia, i»,, andic, in a phase
shifted by2m /3 between each current. The stator current is matheatiattecoupled,
using a suitable field orientation, into a torque arftix producing components. The
drive then independently varies their phase and amdelit [87, 88]. Figure B9
displays the three phase currents and the manner chwheé FOC drives mainly
transfers it into two dimensional quantities for the floxtrol system.
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Figure 319 The principle of FOC control [87]

3.5.2Implementing the FOC Scheme

The theory of field orientation is based on the that the three phase supply current
inside the motor results in a magnetic field and aue@p depicted in Figure 3.20. Any
change in the motor suppliy,(is andic) results in change the magnetic field and torque.
The functional block C represents the transformation stator co-ordinates to field-
orientatedco-ordinates that occurs inside the motor [87]. HeR€&C is implemented

by compensating for this transformation as shown in Figie

Ia—b C T:d
B, 1q 1d W

Figure 320 The orientation inside the ACIM [59, 89].

In a FOC drive, the three phase supply quantitiesransformednto two dimensional
d-g quantities. The d-q variables are then adjusted baséueo reference values and
fed through the modulator to the L. The electromagnet torque is regulated by
adjusting the g-axis current component, while theomiaeld is controlled by regulating

the d-axis current component [83, 87].
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FOC drives are classifieth terms of flux measurement, into direct and indirectedyi
In the direct scheme, the rotor flux and positiondirectly measured using a sensor
located within the motor windings. While in the indirscheme driv& the rotor flux

and position are mathematically calculated from thege@upply measurements [89].

Indirect FOC drives cabe closed loop vector control where the information albloe
rotor angle is determined using a pulse encoder. Arastitig approach, known as
Sensorless (encoderless) FOC, does not employ any pasitgpeed sensors. This

research focuses on the sensorless type detailed in theectgn.
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Figure 321 Compensating for the coordinate transformation to achieve vector da®r8i9]

3.6 Sensorless FOMrives

Sensorless FOC drives control théds speed without any speed feedback devices
Motor modeland parameters together with supply measurements aredittisentrol

thed-q axis electrical supply quantities. Sensorless FOC drivsda [8, 90]:
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High motor torque at low output frequencies

Automatic slip compensation

Improved dynamic response to demand and load variations
Compactness with less maintenance

Simpler application with no need for wires

YV V. V V V V

Avoidance of the cost of encoders

» Suitability for different environments, includingmeerature.
The d-q axis voltage components that are required to achifevyenagnetising current
demanded for particular load are calculated from mp@wameters, e.g. resistances,
inductances and name plate data. The motor model isuak to form the right
eqguations for the calculations. The motor equivatentiit is shown in Figure 3.22 [87,
91].
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Figure 322 ACIM equivalent circuit, redrawn from [93]

The analysis of the motor stator circuit based on thevabpnt circuit in Figure 3.22

can be simplified as shown in figure 3.23

Q: fnfs (rotating) JeoLisisg R
JeLmisq
Ri. o o Risg
J@eLnim g, JouLaia
Isd D ;ms (romrr’fﬂg)
@ ®) ©

Figure 323 Stator circuit: (a) Stator voltage, (b) Stator current, (c) Stator voltage [87d-
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The stator voltage given [87, 91] from:
Ugs = Rglgs — a)eLlsisq (3.9)
uqs = Rsiqs + a)e(La + Lb)ids (310)
Based on Equations 3.9 and 3.10, if theurrent component is aligned with the rotor

flux, the g-axis of the rotor flux component will be zero, anehbe the relations

between flux, torque and current can be represexgtddllows [92]:

Lm .
Y = 1+T,s (lds) (3-11)
31 Ly, .
e — E ; L_Tlprlqs (3'12)

Equation 3.11 shows that the controls the flux quantity, while equation 3.12 skow
that theg-axis currentqs can be used as a measure of load torque for slip contipensa
and electromagnetic torque control [93]. Therefooeathieve improved dynamic
torque performance, the field current componignts kept constant at a value that
maintains a maximum flux. The torque control is therfquered by adjusting thes
[87, 91].

To keepaconstant flux, ther;; must be relative to the supply frequency for spegds u
to the rated value. While the drive voltage limitreets the maximum voltage that can
be fed to the motor. Above the rated spegd is kept constant so that the flux falls
with increasing frequency to give flux-weakeninggtion. This is to ensure that both
drive and motor voltage limits are not exceeded amutideide the maximum available
torque everat or higher than the rated motor frequency [91, %}, Bhe VSD scheme

is represented in Figure 3.24 [8This also shows that the drive can act on the supply

voltages based on the changes in the reference valuesaftccomponents.
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Figure 324 A schematic diagram of VSD scheme, redrawn from [87].

Sensorless ®C drive simultaneously estimates rotor speed and flakerathan
measuring them. Significant developments in this fielcehagulted in the availability
of several techniques for speed and flux estimation. Thepeoaches imply the
terminal measurements only for speed estimation ftipng them, Model Reference
Adaptive System (MRAS) is one of the most frequently usgtemes in industrial
applications [85, 87, 94, 96The MRAS approach is simple to apply and implies less
computational effort compared to other approaches [B§ also represented here as

it is used in the test rig drive upon which this stigdyased.

MRAS utilises two independent machine models for estilgdtie same state variable.
These are referred to as the reference model, wdekls incorporation of the estimated
variable, and the adjustable model containing themestid variable. Comparison
between the two models outputs generates an err@l $igt is treated by an adaptation
mechanism, normally a Pl controller, and used to mod#atjustable model [94, 96]
Figure 3.25 represents an MRAS speed estimator basedtagev@reference model)

and current (adjustable or adaptive) model.
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Figure 325 Schematic of MRAS and speed loop in a Sensorless drive, redrawrBffp86]

Both reference and adaptive models are derived frommiddor equations and its
equivalent circuit represented in Figure 3.22 B8] in the stationary reference frame.

The reference model is composed of the stator voltagatiens afollows [97, 98]:

dypiyr Lr , digs

TZE(uaS‘_RSlas_O_LS ;t) (313)
dwb‘r Ly . dip

ar ;(Uﬂs - Rslﬂs — O'Lsd—ts) (314)

The adjustable (adaptive) model is represented as fo]f@iy98}

apl, 1 . i ~ i
:ft = T_r (Lmlocs — Yo — Trwrd’lﬁr) (3.15)
ay! 1 . i ~ i
o2 1yt 4T @19
Lin
oc=1- L (3.17)

The errore between the two models is calculated in the followiagy y26]:

e =Yhbl — Vi (3.18)
The error is treated by the adaptation mechanism pnoglan output that is used for
adjusting the adaptive model. The most common method fmsethe adaptation
mechanism is the PI controlletthough certain other techniques are used such as fuzzy
and neural network control systems. The output from theoRtroller replaces the
estimated value in the adjustable model. The MRAS caallynmodifies the estimated

variable quantity maintaining the error between ti@ models [96, 99]
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The estimated speed is then used to calculate the kotarfgled. as follows:

0 = [ w,dt 3.19
The estimated speed from MRAS is fed into the speed foospeed control as
illustrated in Figure 3.25. The speed loop then comgpthe estimated signal with the
reference and utilises a PI controller to processrtioe gignal. This generates an output
represented as a reference torque current compagiaenhich is sent to the current
control loop. The current loop sets the referencedlerquadrature voltage which is
adjusted by controlling the switching of the PWM [®®]. A block diagram of a

general sensorless flux vector control drive is showFigare 3.26.
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Figure 326 A block diagram of a general FQEive, adapted from [77]
3.7 Characteristics of Electrical Parameters from the Drive

3.7.1Electrical Parameters in a Healthy Condition

As described in Figure 3.6 and Figure 3.26, the sensM&Ssegulates the IM speed
by decoupling the torque and field components. Eachponent then is regulated
separately using cascade control loops. The outer ¢dotp is the main speed
regulator which sets the reference for both compaeneop The first inner loop is the
torque component loop that is constructed ftbree inner cascade control loops; the
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torque regulator which obtains the reference tosjgieal from the speed regulator and
then sets the torque current component reference twthent loop. The current control
loop establishes the reference torque voltage baseatieodifference between the
feedback torque current component and referenca ffe torque loop. Lastly the
voltage controller that provides the reference uergoltage component. The second
inner control line is for field control which maima the field at the rated value when
the speed is less than the base speed. When the speedaseatthe rated speed, the
flux is reduced by 4. This control loops generates the reference fieldagel

component.

To maintain stabilityn a cascade control system, the outer control loop neust least
three times slower and with narrower bandwidth thanrther control loops [100]. The
controller activates its output only when the inpbemges within the controller
bandwidth. The electromagnetic torque is controlledianging théys as follows [101,
102]:

w21 Ly Tg

s =350 (3.20)
While the motor flux is controlled by the as follows [101, 102]:
i, =¥ (3.21)

Lm

The slip frequency is determined using the torqueectimeference in the following
way [101, 102]

Wy = i (3.22)
sl

T Ty, 99
Then the electrical flux angle is determined as fadl¢101, 102]:
0= [(wg + wp) dt B8.23)

Meanwhile the per phase current and voltage of migeigtion motor running at a

constant speed in the healthy case are, respectgredn as follows [103]:
i(t) = V2I cosQrfit — o) B.24)

u(t) = V2U cos(2nf,t) B8.25)
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While per phase power is the product of both phagag®land current as shown in the
following [104]:

p(t) = IU[cos(2r(2f)t — ;) + cos(¢y)] 3.26)
The corresponding magnetic flux in the motor statortaedesulted electromagnetic
torque is calculated respectively as [103]:

Ws(t) = V2 cos(2nf t — aq,) @.27)

T,(t) = 3N, YIsin(o; — ) @.28)
Where:I, U, and  are the rms values of phase current, voltage, and stator flux respectively.

As can be seen from Equation 3.26 the spectrum of tieerpoontains constant
components at double supply frequency. The total paiva three phase IM can be
derived from 3.26 by multiplying one phase by 3, onfithe resulting sum of the power

in each phase.

In the normal operations, the terminal supply quastdie converted into the reference
frame for control purposes. Changes in references auddal@areflected also in the
reference frame values. The role of the drive regulatots smoothly maintain the

system speed at the reference compensating for any changes.

3.7.2Effect of a Fault on the Electrical Parameters

Proved in [105] that mechanical abnormalities causéiaddl load oscillations that
are mostly modulated at frequencigs) ¢hat is related to the rotating spe¢d and

supply frequency, and normally calculated at [106]:

fr=fUsf) 8.27)

Therefore mechanical oscillations due to the fa@tfaund to be sinusoidal and cause
an angular displacementaf, with current amplitude dk. This angular displacement

results in oscillatory torqueT ,, that is described as the following [103, 107]:
AT, = 3N, Ylpsin(2nfrt — (o — ) — or) 3.28)

The mechanical equation of the induction motor speeépresented as follows [14]:
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dwr(t)

- (T @) - (1)) (3.29)

From Equatlon 3.28 and Equation 3.29, the motor spegdi(ll also fluctuate due to
the fault. The produced amplitude of electromagretigue from the motor is equal

to the amplitude of the load torque. Hence thedfleetuation4w, caused by the

fault is then calculated as follows:

_ 3Ny lIJF

Awy = %fﬁTedt ] = sin(2nf .t — (; — ay) — ar) dt (3.30)

This results in fluctuation in the rotor angular positas follows [103]:

A0= Ay = —fA dt =

Zle SlD(ZT[th — (g — o) — ap) dt (3.31)
Equations 3.30 and 3.31 show that the load oscillatloeso mechanical fault generate
an alternating torque component that modulates themyspeed and causes speed

oscillation at fluctuation thus changing the rotosipon.

The fluctuation in the rotor position effects the $tgquency as in Equation 3.23 and
therefore the torque current component will alsortbecied by the fault based on the
Equation 3.22. Hence the rotor flux may be also osallated significantly impacted.
This can be clear from its dependency on the slip @equand torque signal as shown
in Equations 3.20 and 2.22. Therefore both torqueefeeld current components will
carry signatures related to the load oscillations duthéomodulations occurring in
speed, rotor position and rotor flux signas.explainedm [103, 108] such signatures
are found at the fundamental component frequendtyeofault profile, e.g. multi-stage

gear shafts rotating frequencies.

This will also produce two sidebands around the fund@mhesupply frequency. The

corresponding stator flux variation is givag[108]:
YE(t) = V2y cos{2nfirt — ay — A sin[2nfpt — (o — ay) — ap]} (3.32)

The interaction between the modulus of stator fluktae equivalent circuit impedance
generates sideband components around the supply faquérboth current and

voltage signals as follows [24, 103]
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i"(t) = V2l cos(2nf t — )

+ I, cos2r(fs — fr)t — oy — ar — @)
—I, cos(2n(f; — fr)t — 20y + & — 9, — @)

(3.33)
uf(t) = V2U cos(2nf t)
+ U cos2n(fs = fp)t — ap — @)
—U, cos(2n(fs — fr)t — 20y + @, — @) (3.34)

The resulting power in the case of the fault is describdtie following simplified
formula [104]:

pf(t) = IU[cos(2n(2f )t — ;) + cos(ey)]
+ (1U); cosm(2f; — 2fp)t — 205 — 2¢9)
— (IU), cos(2m(2fs — 2fr)t — 2y + 200, — )
+ (1U); cos2m(2fs — f)t — ap — @)
—(IU), cos(2m(2f; — fr)t — oy + @ — @) (3.35)

Equation 3.35 shows that the spectrum of the elecppmakr has more characteristic
frequency components than that of voltage and curBpdcifically, there will be two

sidebands atfs +2f- in addition to two sidebands 2t +f.

These characteristic components in each electrical parameter will motivate the drive’s
regulators in order to maintain the system speed. Howeduerto the structure of the
drive, such frequency components may or may not be ddtdnt all the drive

regulators dependent on the design and tuning parenudtide drive.

For instance, the outer control loop, i.e. speed robribop, detects these load
oscillations if the frequency of oscillations is withis ihandwidth. When the speed
regulator is a Pl controllett, acts like a low-pass filter. The refereriggsignal to inner

torque control loop is generated based on the follgweneral PI controller formula:
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% . ki
igs = (w; — wp + Awp)(ky + ?) (3.36)

While the field current reference is also producea I field controller as follows:

i = (5 — W + ) (e +72) (3.37)
Equations 3.36 and 3.37 show that the bandwidth adpieed, torque and field current
components’ regulators have significant influence on performance of the drive.
Additionally, both speed and field controller akes touter control loops, and hence
torque, current and voltage loop will have widendbaidth than that of the speed and
field regulators. As a result the current control lecap respond more rapidly than the
speed control loop, and faults at frequencies outsidéhe speed control loop
bandwidth maybe detected by the current loop. However, the curcemtrol loop
bandwidth is limited by the voltage control loop basrdth and not all frequency ranges

will pass through the current regulators.

Additionally, Equations 3.27 to 3.30 show that ostitlas due to faults add a very

small static value to the fundamental sign@lss means that the magnitude of the load
torque will also increase due to the fault. Neveasg| the drive manages the resulting
load increase and forces the supply parameters tasetbe electromagnetic torque

from the motor to maintain the speed.

Based on the above discussion, from the condition mamt@erspective almost all
power supply signals are more likely to be infectethieyfault. The actions of the drive
may increase the level of noise and create furtheculifies in detecting small changes
in the investigated signals due to the fault. Theratpen of the flux vector control
drives is based on transferring the three phase eklcsupply parameters into a
particular frame of reference. This means that sigma@snainly static values, most of
which are utilised by the drive for control purposesnée it would be valuable to
incorporate these static parameters for fault detecdod diagnostics. Further
advantages ensue from their ready availability atdthes and the absence of need for
additional measurementlso, the control stratgy incorporates all supply parameters
for control purposes. Observing these parameters camtadpeloping fault detection
approach based on the control system response.
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Chapter 4

Test Facilities

This chapter describes the general specificatidniseotest facility used in this study.
It outlines the mechanical systems and controlesystand specifies the mechanical
faults that were seeded and studied on the rigtheumore, data acquisition systems,
measuring equipment and sensors are also outlmstidw the basic requirement of
the data acquisition system in a typical CM systédditionally, test rig repeatability

is assessed and different signal performanceshaestigated.

4.1 Introduction

In order to investigate the proposed technique differexperimental tests were
performed using a laboratory transmission test system. Tihmsd at examining the

developed condition monitoring scheme based on ayyalridustrial application. This

also allows for replicating a variety of real faultat generally occur in industry within
different operation conditions and different sevesiti

The test rig employed is designed to perform a repeatdbterministic series of tests
and to obtain data from tests in different speeat] lnd fault conditions. Tests can be
repeated identically for both health and fault winstances. Different fault severities
can also be applied for approximately the same conditidmes test rig is designed
based on real industrial equipment made for real apiisa of the mechanical
transmission system. This chapter provides the constructite eést facility utilised,

data acquisition used, and finally the operationgipiles of the rig.

4.2 Test Rig Construction

The test rig has two main parts, the mechanical systertha electrical control system,
in addition to the measuring devices and data acquisiistems.
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4.2.1The Mechanical Part

The mechanical/electromechanical part of the systermedtin Figure 4L consists of

a 15kW 3 phase AC induction motor as the prime driged two back to back two
stage helical gearboxes for coupling the AC motohwaitoad generator using flexible
spider rubber couplings. Couplings are a hard rubtreretjaw type with a size of
150mm and a transmission power up to 100kW at 1600rpedsfde transmission
power of each gearbox is 13kW. The first gearbox (GigiBrates as a speed reducer
while the other (GB2) is a speed increaser so thaystem maintains adequate speed
for the load generator to produce sufficient laadhe AC motor through the two

gearboxes The main specifications of the AC motor, gearboxes, maor and

couplings are given indlde 1, Table 2 Table 3 and Table 4 respectively.

t

Flexxble Couplings |

m Test Gearbox GB1

15kW three Phase
Induction Motor

‘ Thermocouples

Accelerometers
Shims

inserted her

Figure 4.1 Mechanical part of the test rig
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Table 1. AC Motor specifications

Manufacturer Invensys, Brook Crompton
Motor model T-DA160LA
Number of poles 4
Frequency 50 Hz
Power 15 kW, 3 Phase
Voltage (frequency 50 Hz) 415V
Rated Current 2713 A
Connection Delta A
Rated Speed 1460 rpm
Power factor (Cos @) 0.87
Full load torque 98.3 N.m
Stator resistance 0.8607 ohm
Stator Leakage Inductance | 0.01678 H
Rotor time constant 0.270 sec
Rotor resistance 0.5247 ohm
Rotor Leakage Inductance | 0.08678 H
Mutual Inductance 0.1706 H
Inertia 0.09 kg.m

Table 2.Gearbox specifications
Manufacturer Radicon
IT TYPE M07223.6BRC-1-----
Ratio 3.678
DB oil grade 6E
Oil type EP 320 (mineral oil)
Oil volume 26 L
Output torque 306N.m @1450rpm
Overhung load 3.50kN
21:72:73:74 58:47:13:59
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Table 3.DC Motor Specifications

Manufacturer Invensys, Brook Crompton
Size MD 132LC
No B:99021436
Power 15 kw

Ins Class F

Armature voltage | 380 V

Field current 237A
Speed 2100 rpm
Duty type S1

wd Shunt

Brg N.D.E.6202Z2
Enclosure P23

Mass 13.7 Kg

Table 4. Flexible Coupling Specifications

Manufacturer Fenner

Type HRC150H
Size 150mm

Rated speed 1600 rpm
Nominal torque 600 N.m
Mass 7.11kg

Inertia 0.01810kg.m2

Dynamic Stiffness 175 Nm/o

Maximum parallel misalignment | 0.4mm

Maximum axial misalignment +0.9mm

Maximum angular misalignment | 1°

Element type Nitrile spider

4.2.2The Control System

The control system consisté a programmable logic controller (PLC) for estabhghi
test profiles as specified by the operator, an AC Vi8Dadjusting the speed of the
system, and finally a DC VSD, for ensuring a controllead to the AC motor by
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regulating the torque of the load generator. Th&rob panel is equiped with a LCD
touch screen to enter the required test profile anabtator the key variables when the
rig is running. Figure 4.2 details the control systenhefrig.

AC Variable
Rig PLC Speed Driver
DC Variable
Speed Driver
Cabinet Transformer
Circuit Breakers

PLC Power Supply

Touch Screen
user interface

Electrical Contactors

Figure 4.2 Test rig control system

4.2.2.1TestRig PLC

The function of the PLC is to perform tests exactlyepiested by the operator. The
test programme includes time duration, load referencesdsgeferences and number
of steps. The PLC is SIEMENS, SIMATIC S67-200 which is aoieséd from:

PLC processqrSIEMENS CPU 222, with RAM and EEPROM slots.

Input Module EM231 with 4 analogue inpait Table 5 summarises the techiica
specifications of this module:
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Table 5 The EM231 input module technical specificabins
Model EM231, 4 inputs x 12 bits
Power loss 2W
Number of analogue Inputs 4
Voltage input range: Bipolar + 2.5V, 5V
Current input range 0~20mA
Resolution 12 bit
Bipolar, full-scale range -32, 000 to +32, 000
Unipolar, full-scale range 0 to +32, 000
Input impedance > 10M Q Voltage Input, 250 Q Current Input
Analogue to digital conversion time| < 250u s
Maximum input voltage 30v DC
Maximum input current 32mA

Output ModuleEM232, delivers the signals from the PLC to the extkdevices.

The output module specifications are shown in Table 6.

Table 6. The EM232 output module technical specifications

Model EM232 2 outputs x 12bits

Resolution 12 bits

From L+ current consumption | 70mA

Power loss 2W

Number of analogue outputs 2

Output voltage range -10~+10V

Output current range 0~20mA

for voltage outputs Min: 5KQ

for current outputs Max: 0.5KQ

Basic error + 0.5% of full range

4.2.2.2AC Variable Speed Drive

The AC VSD is a Parker 650V which is made for irtdakapplications. It can be set

either to a sensorless flux vector control mode or \ftgede for adjusting the speed of
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the system. The P3 port permits the drive to be conné&zteither a network of drives
or with a PC. The technical specifications of theelare presented in Table 7.

Table 7. The 650 V drive technical specifications

Product Description AC variable speed drive
Model 650 V

Output Frequency 0-240Hz

Output current 0-33 A

Output voltage 0-460 v +10%

Rated motor power 15kwW

Switching Frequency 3kHz nominal

Voltage Boost 0-25%

1. VIF control with linear or fan law profile

Flux Control
2. Sensorless flux vector

Voltage/Frequency Profile | ~ Constant torque

- Fan Law
Analogue Inputs 2 inputs— one is configurable; voltage or current
Analogue Outputs 1 configurable voltage or current
Digital Inputs 6 configurable 24V dc inputs (2 suitable for encod
Basic error + 0.5% of full range

4.2.2.3DC Variable Speed Drive

The utilised DC VSDis a Parker 514C series intended for use in an industria
environment. The drive regulates the torque of thenbs@or with a linear closed
loop and without the need for a feedback from améecor a tachometer. The drive
utilises the armature voltage to calculate the spAesummary of the DC drive

specifications are shown in Table 8
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Table 8. The 514C DC drive technical specifications

Product Description

Dc speed drive

Model

514C

Control Action

Closed Loop with Proportional Integral Control

Speed Feedback

Selectable: Armature Voltage or Tachogenerator

100% Load Regulation

2% when Armature Voltage mode used;
0.1% when Tachogenerator mode selected

Maximum
Range

Torque/Speed

20:1 when Armature Voltage mode used;
100:1 when Tachogenerator mode selected

Analogue inputs

7 non-configurable inputs

Analogue outputs

7 outputs: Setpoint Ramp, Total Setpoint, Sp€enrent Demand
Current Meter (Bipolar or Modulus), +10V reference an
10Vreference.

S Ramp and Linear Ramp

Symmetric or asymmetric ramp up and down rates

Current Limit

Adjustable 110% or150%

Supply Voltage

110- 480 Vac *= 10%

Nominal Armature

90 Vdc at 110/120 Vac

180 Vdc at 220/240 Vac
Voltage 320 Vdc at 380/415 Vac
Overload 150% for 60 seconds
Field Current 3 Adc

4.2.3Data Acquisition

The test rig uses the YE6232B from Global Sensor Techpdimat has a high speed
data acquisition system (DAQS). The DAQS collectsdidiia from sensors measuring
vibration, three phase currents and voltages, andgeaemperatures and sends them

into a PC for post processing and analysis. A photbgoéfhe data acquisition system

is shown in Figure 4.3 ants main specifications are contained in Table 9.

Figure 4.3 Data acquisition system used for tests
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Table 9.YE6232B DAQS specifications

DAQ system manufacturer | Global Sensor Technology YE6232

Number of Channels 16 (selectable)

A/D Conversion resolution | 24 bit

Sampling rate (maximum) | 96kHz per channel, Parallel sampli

Input range 10V

Gain x1, x10, x100
Filter Anti-aliasing
Interface USB 2.0

During tests data are collected based on the maximum sanfpéiquency of the
DAQS, i.e. 9900 samples/second, and each set of dynamic data hasdopered for
30 seconds. For such settings the length of data tlldor each set is 30*96000=
2880000 data points. This data acquisition system is eggipjth an antialiasing filter
which guarantees that thaliased frequencies are not capturédiditionally, the
antialiasing filter is also used to automatically adjbst cut-off frequency of another

built in low pass filter based on a pre-selected samplileg ra

Signalsfrom current, voltage and vibration sensors, which reptélsennstantaneous
values, are referred to as dynamic data where it epsed in the frequency domain
for analysis. Another PC was used to log data direatiy fthe AC VSD. The lgged
signals include, line voltage, current, speed andutargiowever all this data is in the
rms form and referred to as static data. The sampling freguéstatic data is as low
as 1Hz per data point. So in one minute, around &Dlznts are collected, meaning

lower resources are required for saving and processaigasrelatively low data size.
4.2.4Tools, Sensors and Measuring Devices

Different measuring tools and devices have been us@thdests, which include:

The three phase measurement unifThis measuring device measures the instantaneous
three phase currents and voltages based on Hall Effeent and voltage transducers.
The voltage transducer is the LEM LV 25-P and theeru transducer is the ABB
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EL55P2. The photographic and the schematic diagrameothttee phase measuring
device are shown in Figure 4.4 and the specifinatiof the voltage and current

transducers are presented in Table 10 and 11 respgctive

Accelerometers the vibration of induction motor, GB1 and GB2 are swad using
an ICP-type Accelerometer. The accelerometers aceghlaorizontally in parallel with

shafts centrelines of the machines, as shown in Fgdre

47KQ resistors (R1) Vaoltage Transducer
for voltage transducers |, R1 |

| +
1 R 5 : IS M CR5I-—-C

Unit terminals

Voltage measurement
1o unit terminals )
Unit Power
Current Transducer 3 Supply
VA"

o—atV,

N- Ru
{ —+c—e 0V
Ng Ly

"

The ABB EL55P2 | The LEM LV25-P l A

current transducer | yoltage transducer La
Unit . 1 2 Current measurement
e POWERSUPD'Y to unit terminals

Figure 4.4 Three phase electrical signals measurement device

Table 10. Specifications of the voltage transducer

Brand and Type LEM Voltage Transducer LV 2Bt

Primary nominal voltage (Vpn)rms | 10: 500 V

Primary nominal current (I pn)rms 10 mA

Primary current, measuring range | 0 : 14 mA

Secondary nominal current (kn)rms | 25 mA

Supply voltage (x5%) *(12:15) vV

Current consumption 10(@+£15V) + LmA

Overall accuracy +0.9% @ (pn, 25°C and +15V)
Linearity error <0.2%

Response time to 90% ofph step 40us
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Table 11. Specifications of the current transducer

Brand ABB

Type Current Transducer EL55P2

Technology Hall Effect

Primary nominal current (I pn)rms | 50 A

Supply voltage (Va) +(11:15.7) V

Measuring range @ Va 0:480 A

Secondary nominal current (kn) 25 mA

rms

Thermal drift/ | s 2*10* /°C

Bandwidth (-1 dB) 0:200 kHz

Accuracy x0.5% @ (bn , 0:70C and
+15V)

Linearity Better than 18

Response time <0.1lpus

No load current consumption 16 (@£15V Va) mA

Thermocouples the temperature of the oil inside each gearbareasured using K
type thermocouples. The signal from the thermocouple it teethe temperature

processing unit for filtering and magnification.

Speed encoderAn optical speed encoder is attached to the AC ntotareasure the

system speed. The encoder is the RS32-O/100ER, manethdtyrHengstle. It has
two outputs, one producing 100 pulses per revolutionh twe other 1 pulse per
revolution. The encoder is connected to the dadmiaition system directly and not
utilised in the control system. Figure 4.1 illustrates lloe encoder fitted on the rear
of the AC motor.

Dial indicator: this tool is used for aligning the rig. It is the EDIE1and has an
accuracy of £0.005mm, measurement range: frifwwwith 0.001mm resolution. The
dial indicator is fitted on a magnetic base thatvedlat to be fitted on the shaft for

adjusting the alignment. Figure 4.5 depicts this iadicduring an alignment process.
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Figure 4.5 Digital dial indicator for shaft alignment (author)

Pre-cut standard shims:sstainless steel standard pre-cut shims are used fatiagju
the alignment of the rig and also for seeding the misalant faults. Different sizes
are used to obtain the best possible alignment. To gnddle rig these shims are placed
under the item when needed. Figure 4.1 illustrates these shims are placed under
the GB1.

Volumetric measuring tools: a beaker and pipette for measuring the quantitiesl of o

and water respectively.

4.3 Test Rig Operation

The schematic of the rig is shown in Figure 4.6. Theaipe enters the required test
profile via the touch screen interface. The rig Rilffains this profile which includes
number of cycles, speed reference, load referencéraadiuration for each cycle. Up
to 12 cycles can be programmed. When the user statsig, the PLC sends the
reference values and start commands to both the ACarfsihe DC VSD

The AC VSD runs the AC motor at the required spesttiout feedback speed encoder
benefits from the built in Pl controllers and the déb Reference Adaptive System
(MRAS). The DC drive feeds the DC load generatohlite proper supply based on
the load settings from the PLC. The DC drive regulateatimature and field currents
of the DC load generator to adjust the load. Thisvides the ability to study the
systems behaviour under different speed and load conditias well as the transient

process between different conditions.

When the AC motor rotates, both gear boxes rotatdirfigearbox redugsthe speed,
while the second gearbox increases it again to tlyggnatispeed and rotates the DC
motor with the same speed of the AC motor. The PLC wbt@edback signals from
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both AC VSD and DC speed driver, including: AC emt; load feedback (DC armature
current), and speed feedback, and shows them on tekeregn.

Analysis - Data from the
Computer drive
| ] ] R "
|
|
Data Aequisition Touch Screen i
i
|

Interface

System

2-stage helical
gearboxel Flexible

Flexible coupling coupling

Encoder

i DC Motor

Figure 4.6 Schematic of the test rig

4.4 Faults Simulated

Four different faults were studied, i.e. shaft misalignin@ater in oil contamination,
gearbox oil viscosity changes and gearbox lubricatigtage referred to as oil level
tests. The studied faults represent some of the most corfamtis that occur in
mechanical transmission systems. Additionally, the deteatiothese faults using
power supply parameters within a sensorless controlledrigsion system is not yet
well discovered. Tests performed are to examine thermpeafoce of the fault detection
scheme and to investigate the diagnosis capabilitieseopdlwver supply parameters
together with control data, particularly in the caa mechanical transmission system

driven with a sensorless variable speed drive.

4.4.1Shaft Misalignment

The misalignment is seeded into the rig by placing starul@-cut stainless steel shims

under the GB1. Four different degrees of paralleftaméalignmens are simulated
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i.e. 0.3 mm, 0.5 mm, 0.7mm, and 1.00 mm successivelyp@imeissible misalignment
limit for the couplings is 0.4 mm.

The rig is firstly aligned at the lowest possible mgainent using the dial indicator
(this was at 0.04+0.01 mm). A cycle of 5 differeradcsettings was applied, 0%, 25%,
50%, 75% and 100% of the full load. Each loadpplied for a period of two minutes.
The AC motor speed is set at its full speed during éstst A set of 10 seconds of
dynamic data is collected for each load, while tha diatm the VSD is logged for the

entire cycle.

4.4.20il Degradation Tests

Three different oil degradation tests were seeded rwateaminated oil, oil viscosity
changes and less lubrication referred to as oil leli@hges. In the following the

procedure followed and value used for each fauk tyhen such faults were tested.

4.4.2 .1Water Contaminated Oil

As stated in [129%he typical acceptable water content for transmission odsrathe
range of 1 ta2% (10 to 20 kppm). Therefore, the contamination kevebkted were
derived from values both below and above this randectwallows a variety of
different underlying measurements to be examined inda vange for defining their
corresponding detection performancéssts were performed using four incremental
water contents: 4.0kppm, 7.0kppm, 20kppB0.0kppm, and 60.0kppm, which
respectively correspond to 0.4%, 0.7%, 3% @#wvater content of the name plate oil

guantity.

4.4.2.20il with Different Viscosities

The British Standard PD ISO/TR 18792:2008 [180] itkeguidelines on the selection

of the lubricant viscosities for different types ofage while the BS 4231:1992 ISO

3448: 1992 [181] provides viscosity classification fodustrial liquid lubricants.

However, as stated in the American National Standastitute/American Gear

Manufacturers Association standard number (ANSI/AGMAO03802) “the

recommendations of the gear manufacturer shouldlb®ved, when available, in
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selecting a gear lubricaiitAlso, standards request manufacturers to provide general

information about the recommended oil suppliers.

The viscosity is principally specified during the desstage. Generally the speed at the
pitch line of gears is used for determining the reguwiscosity. Hence, the viscosity

can be derived using the following empirical eqoa{i182}

== (8.7)

Vso = /05
Wherev,, is the lube kinematic viscosity at 40 in (cSt) and V is the operating pitch
line velocity in (ft/min) and can be derived fronBH:
V =0.262dn
(8.8)
whered is the operating pitch diameter in inches, amlthe pinion speed in (rev/min).

For the gearbox utilised in this study the manufactteeommends the EP 320, with
Millers Oil Ltd one of the recommended suppliers. Consetjy the oil used for
regular operation in this study is the EP 320 from thppber. However, this can be
confirmed fom the standards and Equations 8.7 and 8.8. The twe Is&digal gearbox
has two pinions; the maximum input shaft speed is 1p@transferred into the second
shaft byarate of (1.234). Hence the highest speed of the sestweiitl is 1851.1 rpm.
Considering the highest speed side pinion and frorgebebox specifications, the pitch

line diameter is d=1.275 inches hence:
V=0.262%1.275*1851.1=618.36

The required viscosity at 2Q therefore is:

Va0= 7000/618.36°5 = 281.4993cSt

By following guidelines in the BS 4231:1992 ISO 34482, the recommended
viscosity recommended therefasd SO VG 320, i.e. EP320.

To study the effect of varying oil viscosity in a geatbfour different oils having
different viscosities, EP 100, EP 320, EP650 and EP 1GQ@ctvely, were tested.
The gearbox manufacturer recommends the EP B8 EP 650 was made in the
laboratory by mixing 61% of EP 1000 with 39% of EP 1ile the other types have
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been provided frona supplier who was recommended by the gearbox manufacture

with key specifications listed in Table 12.

Table 12. Specifications of the oils used for tests.
Specific Kinematic Kinematic Viscosity Pour Flash
Oil type Gravity | Viscosity at Viscosity at Index Point Point
(at 15°C) | (100°C, c.St)| (40°C, c.St) (°C) (°C)
EP 100 0.885 10.95 100 93 -9 200
EP 320 0.901 23.5 320 92 -9 200
EP 1000 | 0.927 71.0 1000 140 -6 200

4.4.2.30il with Different Levels

Three different oil volumes were tested, namely thedstahlevel (BL = 2.6 litres),
600ml less (LL-600 = 77% of the full recommended volue) 1100ml less (LL-
1100 = 57.7% of the full recommended volume).

4.4.2.40il Degradation Test Procedures

Each set of oil tests have been performed separately.udowests have been carried
out with the same test profiles and procedures. Thisvalleariation of different
underlying measurements to examawide range of faults, with different severities,
for defining the corresponding detection methods.d@dradation tests were carried
out on GB1.

The test rig was firstly aligned at the lowest possibisalignment using the dial
indicator (this was at 0.04+£0.01 mm). Oil is added esmdoved from GB1 without
affecting the alignment condition using the top dralnage holes on the gearbox. The
rig is operatedat three speed settings: 50%, 75% and 100% of the futbmspeed,
under four incremental load settings: 0%, 30%, 70%, 80&alof the system full load
for each speed cycle. This was aimed at investigatidheofletection under variable
speed and load operations, which are common scemanesl applications. Each load
setting operated for a period of two minutes and wasnaatically changed to the next
step by the PLC controller. In total, each load eyakted 8 minutes. The VSD was set
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under sensorless control mode for evaluating the detecapability under this

particular mode.

To ensure data quality and reliability, each spead/loycle was operated five times
consecutively for each oil type. During these repkafeerations, the lube temperature
in GB1 and GB2 was observed and recorded on-lineeawhed to around 43°C-45°C
when the system operating parameters also became stabiligeyg secondlength of
dynamic data was collected at every load settinthédmrmeantime, the static data from
the VSD vasalso logged for the entire speed/load cycle. Intamdsamples of oil were

taken after each oil viscosity and water in oil tegh&asure their viscosity values.

4.5 Data Processing

Dynamic data, i.e. vibration, current, voltage araver signals from sensorss
converted to the frequency domain by implementing st Fourier transform in the
Matlab environment. The principle of computing fasuifier transform EFT) in a

Matlab programmeis based on

x(6) = [7, F(f)e > (4.1)
F(f) = [, x(£)e*™* (4.2)
where i=0, 1, 2, .....n, n number of samples.

The FFT decomposes a series of values into differenidrexy elements. It is obtained

by the following formula:

F(f) = FFT[x(0)] = $*% x ()e 12!
(4.3)

The performance of each signal is then examined byatixigathe amplitudes at the
corresponding feature frequencies. Amplitudes are toempared for detecting any

changes that may occur due to faults.

To investigate vibration changes, vibration signagsaaplied with a time synchronous
average (TSA) procedure and subsequent order speetnalysis to suppress noise

influences which are not time aligned to the secoaft shnd hence to obtain vibration
75



which is more associated with gear meshing dynamigsef Biformation on the TSA

and order analysis is given in Appendix |. The TSAodatym is developed by one of
research groups at the Centre for Efficiency andoRednce Engineering in the
University of Huddersfield. Thanks to Dr. Fungshou @®e algorithm was made
available for this study. Meanwhile a direct comparigd the static data is made
between the baseline and different cases to exammiredietection performance in line

with the results from dynamic data.
4.6 Baseline Characteristics

4.6.1Characteristic Frequencies

The characteristic frequencies of the rig are denwmacthly from the gearbox and motor.
Gearbox frequencies are the product of the stagesiéncies (rotation frequency of
each stage in Hz) and their sidebands and harmoniaditigxahlly, the meshing
frequencies which are the product of the stage freguand number of teeth [136]
These frequencies are mostly modulated by the supplydérey and can mostly be
clearly found in the vibration spectrum. To calculdie most important frequencies,

Figure 4.7 presents a simplified schematic of the twaesjagrboxes.

From Figure 4.7, the frequencies of the different st@g@ be calculated as follows:

fra=7frr = 1234 fy (4.4)
frs =7 fra = 02203 % fi (4.5)
frz = 0.2719 * f4 (4.6)

In the electrical supply signals, sideband frequency compis of the different stage

frequenciesd s, fro andfiz around the supply frequency are defined as:

frisv = fsXfr (4.7)
frasb = fsXfr2 (4.8)
frasp = fsXfrs (4.9)
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Z1=58teeth Z4 =59 teeth |y 050¢ Shatt

Gearl Gear I l
fr3

Input Shaft

fulD—l_—

Pimion I Pinion I
72 = 47teeth Z3 =13 teeth
v '
Supporting Bearings Gearbox Case

Figure 4.7 General schematic of a two stage gearbox (author)

The f4, fr2 andfiz and their sidebands and harmonics are examined forlamges
when diagnosing gearboxes. Particularly, amplitudés ahdf.; sidebands and their
harmonics can carry information about the gear anddbplings as well. On the other
hand thef,, is related to the internal shaft and is expecteato/énformation related
to the internals of the gearbox such as tooth breakageufacturing defects and/or

lubricating problems.

Other important frequency components from the geakllobation are those results
derived from tooth mesh. In a two stage gearbox, thexrdéwo meshing frequencies,

fm1 andfmy, that can be calculated as follows [136]:
fm1 =21 % fr1 = 58% fiy (410)
fima =23 % fro =13 * fiq (411)

Further, inherent manufacturing faults and gear mfeggon such as eccentricity,
misalignment and clearance, make these fundamental freigge modulate in
amplitude and phasat frequency sidebands. These sidebands can be fouhdtlon
sides of the meshing frequencies as well as their harmionibe vibration spectrum
Therefore these sidebands are frequently employeditiir detection and diagnosis.
The meshing frequency sidebanfig{) are calculated based on the following formula
[136]:

foame =Mm*fmtk*f,, m=123,..and k = 1,2,3,. (412)
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As clear from Equations 4.4 to 4.12, the exciting congmts of all frequencies is based
on gearbox rotating frequencies. Changes in thebggarondition due to fault may

cause additional oscillations in the speed signal.nhe variable speed drive is in the
sensorless control mode, the speed is regulated andwbg@rkvents these oscillations

from appearing in the system speed.

4.6.2Influence of Temperature

To check for repeatability and reliability, two sefdests have been carried out. Signals
checked are mainly static data from the drive, inclgdipeed feedback, speed demand,
motor currenty,l,, terminal voltages, and power. The test profile exgldifor the oil
tests was applied twice, once after dismantling the igr@assembling it. This was to
ensure that repeatable data is collected even aftssembling the rig. Figure 4.8 shows
signals from the lubricant temperature sensors in GB1G## and averaged speed
under different load conditions for the two sets wis. The repeatability tests were

performed under sensorless operation mode.

It can be seen in Figure 4.8 (a and b) that temperatuGB1 and GB2 increases
gradually and reaches stable status by thee8t when the system stabiéiisbetween

40-45°C. In addition, the similarity of temperature trenésaeen GB1 and GB2 shows
that tests were conducted with good consistency batdiferent tests. This indicates

critically that the rig can provide repeatable andsistent results.
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(a) GB1 Temperature under different loads and 1478 rpm (b) GB2 Temperature under different loads and 1478 rpm
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(c) AC motor speed under different loads and 1478 rpm
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Figure 4.8Temperature and speed under different load conditions for two setssof ru

The temperature stabilisation affects not only thargide the gearbox but also the
circuitry performance of the electric and electroomnponents in the VSDs based
system as well as the DC and AC motor windings. Wheis iinder the lower
temperature during the transient operation, theceféestronger as the load and speed
exhibit wider variation. That is, as shown in Figut.8 (c), during low temperature
operation for the stand 29test runs the VSD has poorer performance in maintaining
the speed of the system at the set-point, which lealiglb@r speed under high load.
On the other hand, when the system reaches its statilé@ions the VSD is then able

to control the speed within the acceptable accuuacker different load settings. This
can be clear for the speed results from testing rifrte 3". Therefore, in this study,
particularly for oil tests,he analysis is performed by averaging and processing the
results from the '$to 5" testing runs to obtain more reliable analysis. This csmlz
confirmed when checking the static data from the dawen the following.

Figure 4.9 shows the comparison between signals fronistrend %' test cycles.
Signals compared are motor current, torque and whadogged from the drive. The

differences between the two cycles are clear whiatoisistent with the discussion
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above. The motor draws more current for the firstes/¢han that of the"Srun and
hence more torque. The oil in gearboxes is colddnearfitst runs than that in the last
Also resistances and inductances of both DC and AC matershanged in value
contributingto differences in the control and supply variables.

(a) Motor current comparison
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Figure 4.9 Current, voltage and torque static data under two different amdmelitions

Figure 4.10 shows the comparisons between pdwyeandly static data for the same
test runs of the Figure 4.9. It shows clear differermts/een the two test runs for the
three parameters. Figure 4.10 (c), describes the behavidumwhere it maintains
constancy at speed under the rated speed valuee \Athil00% speed however, the
amount of thely falls consistently with the load applied to allow fam additional

voltage drop to recover any decrease in the mot@dsgee to load increase as well as
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providing improved dynamic torque response. This is wuéhe field weakening
strategy the drive applied.

(a) Power comparison

15 [ T
prers 50% Speed st
100% Speed 75% Speed P 1% run
° Spee 70% Load ’100% Load woeload | | o
10 l»...-.-“-. S o
s e~ 70% Load ’
= 100% Load
5 30% Load - 70% Lbad
0, 0 a
E . " } 30% Loac’ i i
0% Load 0
[ 0% Load [ e 30% Loadj
e ma vae gt 0% Load
0
1 101 201 301 401 501 601 701 801 901 1001 1101 1201 1301 1401
Time (sec)
(b) Ig comparison
100
100% Speed 75% Speed 50% Speed
80 ~
, F’—---.—.-, | r—-— ..... =
~ 60 i l
g R M i "—“-.......4.“"—’...»,... v
2 a0 i
2 !.,'.....:.,_,... IW“U-MW e
o |
1 101 201 301 401 501 601 701 801 901 1001 1101 1201 1301 1401
Time (sec)
(c) Id comparison
46 T
100% Speed 75% Speed 50% Speed
44 t AT A N ST
S 42
D W
40 R e A
v ’ Lt e s
38 r r
1 101 201 301 401 501 601 701 801 901 1001 1101 1201 1301 1401

Time (sec)

Figure 410 Power |4 andlg static data under two different ambient conditions

To conclude, dat#s collected after warming up the rig when most pararaetee
stabilised. Additionally, the signals from the lasethtesting runs can be averaged in

order to obtain more reliable and representative tesul

4.6.3Repeatability Check

The static data from the drive has been investigateithéodifferent test runs to ensure
the repeatability of the rig. Different signals canitivestigated for sucarepeatability

test. The current, voltage and torque static data fiee %' runs of the two tests are
presented in Figure 81 It shows clear consistency between the different pasme

where approximately the same test conditions are applied
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(a) Moter current comparison from the 5" run
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Figure 411 Current, voltage and torque static data repeatability check

Power,lq andlq static data have also been investigated for datatapéty and the
results of the fifth test runs are shown in Figure 4R&&ults indicate that poweg,and

l4 static parameters showed repeatable behaviours whdasthconditions are nearly
the same.
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(a) Power comparison
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Figure 412 Power |4 andlg static data under two different ambient conditions

Figures 4.11 to 4.12 illustrate that under temperadnce load test conditions the rig
provides repeatable behaviours. This can also berowedi by checking another test
run where the rig is initialised at the room tempeagtue. the first testing runs, as
shown in Figure 4.13. It shows the behaviours of atrrltage and torque static data
from the first testing runsThese testing runs represent the cold state for the two
repeatability check testSigure 4.13 indicates that almost all control pararsdiehave

in the same manner
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(a) Motor current comparison from the 1%! run
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Figure 413 The first test runs from the two repeatability check tests

4.6.4Dynamic Data Characteristics

The measured data from sensors are referred to as dydarajcand it is possible to
presentt in the frequency domain. The frequency domain is obtdiggatocessing the
data with the fast Fourier transformation to inveséghte spectra of data recorded.
Many features can be then obtained from the signalrspmectepending on the type of
signal. Chapter 7 provides details on the dynamic dwteacteristics in the frequency
domain. In this chapter electrical data characteristiesriefly introduced in the time
domain, while the characteristics of the rig vibratggnals are discussed in more
detail.
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4.6.4.1Electrical Parameters Signals

The three phase line currents were measured as exp&anleer. Figure 4.14 (a) shows

the line current signals as logged from the three pheesssurement unit at the full

speed under different loads. However, due to thetlfigcinduction motor in the rig is

delta connected, the phase currents are insteadedtiliThe line currenty are

therefore transferred into phase currents as regessém Figure 4.14 (b), with the

following formula used fora:

Current(A)

A
S

iy =+/3i,2—30°
(4.13)

(a) Line currents signal at 1475 rpm under 100% load
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(b) Phase currents signal at 1475 rpm under 100% load
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Figure 414 Line and phase currents at 100% speed under 100% load

The different shaft frequencies and the supply fraqueare mostly in the lower

frequency ranges. Therefore, current signals are l®s filéered to remove the noise

associated with the measuring device, drive switching, electrical mains. Figure
4.15, shows the filtered three phase currents at 10086l gpmeler 100% load.
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Filtered phase currents signal at 1475 rpm under 100% load
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Figure 415 Filtered phase currents at 100% speed under 100% load
The three phase voltage signals from the VSD are difféoahiat of current signals in
that they are not purely sinusoidal as clear in Figuté (a) Therefore, voltage signals
are also low pass filtered to remove the switchingueegy and other associated noise.
Figure 4.16 (b) depicts the filtered voltage signals:
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(a) Phase voltage signals at 1475 rpm under 100% load
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(b) Filtered phase voltage signals at 1475 rpm under 100% load
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Figure 416 Phase voltage signals before and after filtering

The instantaneous power supply is calculated fromutreaf the power at each phase.
Both voltage and current signals are first filterée, tresulting power is then processed
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for analysis. Figure 4.17 shows the instantaneous pogralsit full speed under 100%
load:

1 The instantaneous power at 1475 rpm under 100% load
T T T T T T T

13 1 1 1 1 1 1 1
1 1.5 2 2.5 3 3.5 4 4.5 5

Time (sec)

Figure 417 The instantaneous power at 100% speed under 100% load

The rig characteristic frequencies are calculatedn fatifferent dynamic signals.
Changes in the amplitudes at these frequencies magatedfor a certain fault.
Therefore, amplitudes at these frequencies for difteiult cases are compared with
the corresponding of the baseline. Any consistent gémrdue to the abnormality

seeded will indicate for the fault.

4.6.4.2Vibration Signals

As indicated in section 4.6.1, two frequency rangasbeaexplored when dealing with
vibration signals, i.e., low frequency range thédtes to stage frequencies and a high
frequency range related to the meshing frequencies. vibration analysis may be
carried out principally by investigating the root mesuare (rms) of the time domain
(raw) data. This can point to whether there is any ghamthe entire system vibration
when compared with the previous time domain data. Hewdvis cannot give detailed

information on the system, and spectrum analysis is required.

Figure 4.18 shows the vibration signals of tiet&sting run as received from the
accelerometer on the GB1 under different operaticmaiditions. It shows that
vibration increases as the load and speed increasdysigof the raw signals from

accelerometers however is limited in informative cont&86].
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(a) GB1 Vibration under 0% Load and 740 rpm
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(c) GB1 Vibration under 70% Load and 740 rpm
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(e) GB1 Vibration under 100% Load and 741 rpm
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(b) GB1 Vibration under 0% Load and 1474 rpm
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(d) GB1 Vibration under 70% Load and 1475 rpm
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Figure 418 GB1 vibration (in time domain)

As shown in Figure 4.19, the vibration spectra (fesgpy domain) of the signals in
Figure 4.18 at 100% speed possess more detailed inforntatianthat in the time
domain. The main gear frequency components can beycldaritified. Some of the

important frequencies are shown in the figure. Figl26 shows the vibration spectra

for the same raw vibration data shown

frequency components are shown clearly in the figndecating the distinct influences

of both speed and load on the vibration.

in Figure 4tltha@ 50% speed. The sam

The irgzan speed increases the vibration

at different frequency components. The load also lesame effect.
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(a) GB1 vibration Spectra at 0% and 1474 rpm
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Figure 419 Vibration spectra under different loads at 100% speed

As mentioned earlier, any changes in each frequengypaoent would indicate an

abnormality in the system. Features are investigated ampazed with that of the

baseline to detect any changes. In this study, theatidlr signals are used for

benchmarking and comparison reasons.
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(a) GB1 vibration Spectra at 0% and 740 rpm
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Figure 420 Vibration spectra under different loads at 50% speed

4.6.4.3 Time Synchronising Averaging Resampling of Vibratbn Signals

Time synchronised averaging (TSA) is baseddividing the vibration signal into
adjacent segments that are equal in lengths. The lsngdihmally the same as the shaft
rotating period. Segments are then averaged to eahha periodic signals and
improve the signal/noise ratio, producing an averageasifor one shaft revolution.
Next the signal is resampled based on shaft revolutionsrrtitan time, meaning that
the corresponding frequency components are associatedhéft orders rather than
frequency. Details on the TSA and order resampling aisaire in Appendix .
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(a) TSA data under Load 0% and 740 rpm (b) TSA data under Load 0% and 1474 rpm
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Figure 421 Time synchronous averaged (TSA) signals

Figure 4.21 shows the averaged vibration signals fltwrfifth runs under different
operational conditions. Comparing the results in g1 with that in Figure 4.18
would indicate the level of noise removed by theragmg process. Figures 4.22 and
4.23 show the order resampled spectra based on the stafhodf the GB1 at 100%
speed and 50% speed respectively. The two figures shovietttares are no longer

related to the frequency but rather the shaft order.
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(a) GB1 vibration Spectra at 0% and 1474 rpm
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(b) GB1 vibration Spectra at 70% and 1475 rpm
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(c) GB1 vibration Spectra at 100% and 1475 rpm
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Figure 422 Order spectrum based on tHE ghaft of the GB1 at 100% speed
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(a) GB1 vibration Spectra at 0% and 740 rpm
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Chapter 5
The Mathematical Model of the IM with Sensorless VSDs
and MRAS Observers

This chapter describes the implementation of a fi@liented variable speed drive
utilising the Simulink/MATIab environment. The apgd model is selected from the
ready to use modules presented in the Simulinkfliand modified to suit the test rig
induction motor. Firstly the induction motor mathesiical model is explained followed
by a mathematical description of the principleshe field oriented control. Next the
model reference adaptive speed observer is exglakirally the results obtained from
the model are verified with those from the rig alistussed. This study provides an in-
depth understanding of the effects of load osédlat on the response of the sensorless
VSDs.

5.1 Introduction

Mathematical modelling together with computer simolattan be used to effectively
examine, obtain greater insight and enhance undenstpofdsensorless variable speed
drive behaviour. This includes investigation of the exystesponse within different
load and speed conditions. The dynamic state of therrootobined with the drive is
mathematically represented and implemented using the MAT&#RBIlink

environment.

The choice of the Matlab/Simulink environment is baseds ease of use and inclusion
of ready to use sets of embedded components that arepappe for different
applications. Moreover a wide range of built-in modwdee suitable for the simulation
of power and electrical systems such as power elecsr@uicverters and machines.
Modules are for general use and in many cases can béeddd suit any particular
application [7, 47]

In conclusion this chapter aims at describing the nnaditieal models of the induction

motor with the field oriented control (FOC) drive damperforming a computer
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simulation. The model is used for studying the effectead oscillations as a result of
mechanical faults on the system response, i.e. torquelactdcal supply parameters.
Results clearly show, in a simple form, the behaviouthef control system in the

presence of mechanical faults. This can then be sadasis for diagnosis and fault
detection. The motor parameters used in the test rigpgoieed for the model hence the
model indicates similar features to those of the test rig.

5.2 Mathematical Model of the AC IM and FOC Drive

5.2.1AC Induction Motor Mathematical Model

Many different models in literature simulate AC thpease induction motors [59]
However, the model implemented in this study is basett@following assumptions
[93, 137]: the three stator windings are identical agmmetrically aligned alongside
the stator axis; the three rotor windings are symnadlyidistributed around the rotor
axis; there is a smooth air gap; the different statal aotor windings generate

sinusoidal magneto-motive forces along the air gap; tisardinite iron permeability

-

and constant temperature operation. Figure 5.1 riditest rotor (7m, 0,p, 5TC) and
stator 6Sa, 5sb, 556) phases distribution and their axis position in the etsdtspace.
The electrical angled] is calculated by multiplying the number of pole paiy the

mechanical speed [93]

Figure 5.1 Rotor and stator windings in the electrical space [93]
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Generally, the mathematical model of the induction madoderived through the
assistance of the electrical equivalent circuit. Feg6.2 represents the per phase

squirrel cage induction motor equivalent circuit [138].

Stator Stator leakage Rotor leakage Rotor
resistanc ejmy\tiﬂ:;\ ) inductance resistance
Mutual
us inductance J Or\Yr
Ly
Stator circuit - Rotor circuit

Figure 5.2 The per phase induction motor equivalent circuit

The squirrel cage IM model is obtained by describingstiagor and rotor electrical
circuits’ equations based on stator voltage vectors and stator and rotor current vectors,

as follows [137-139]:

dysg .
s =y — Ry (5.1)
dy, )

S = Ry, (5.2)

. , L ,

Y, = Lgig + Lyi, = L—rlllr + oLgi, (5.3)
Yr = Lyl + Lmis (54)
Lg = Ljs + Ly, (5.5)
L, =L, +L, (5.6)

while an equation describing the motor electromagnetigue (T.) represents the
mechanical model of the IM [139]

dwy
dat

T, =] + B, w, + T, (5.7)
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The model above is complex and challenging to emfgogpplications such as FOC
drives, where each electrical variable, i.e. currepitage and flux, is in a vector form

and represents the three phase values (matrix) [78]

The IM model can be simplified by performing the Clarid Park vector transforms.
The sinusoidal three phase system is firstly transferréal am equivalent two
orthogonal stationary reference frame using the Gtarksform as follows [59, 94

2 -1 -
X, |3 V& V8|rxa
Xg|=|o L 2
B 0 N ﬁ[xb] (5.8)
Xl o 1 o1l
L/§ V3 \/§J

The reverse Clark transformation is given by theofeihg formula:

1
Xq |[1 ; W}Xa
w|=|3 T X (5.9)
b |2 5 ‘/El p .
te |= -3 | Xo
2 2 V2

Note that the variabl&, = %(xa +x,+x.) =0, for the balanced sinusoidal
systems.

Next, the stationary reference frame is converted antotating reference frame that
rotates through a certain angle using the Park tramsfd-q) [140] as shown in the
following expression [93]:

[l =[Sty concn) ] (5.10)

The system is returned back into the two phase stayisgarem using the inverse Park
transformation as follows:

ol = [sonty eoncer |5

The three reference frames are shown in FigLB§93].

(5.11)
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Figure 5.3 The three reference frames

Hence the stationary reference frame components ejectad to a frame of reference
that rotates within a certain rotating ang. (The selection of the frame of reference
will define the anglef{). For instance, in the synchronised reference framé thds,
whereds is the electrical angle of the stator flux; while tiotor reference frame implies
thatd =6, whereg is the electrical angle of the rotor flux; and st@tionary reference

frame is obtained by making=0 [94].

The squirrel cage IM model can be then derived froendilgy motor equivalent circuit
shown in Figure 5.4, by stating the voltage equatadrisoth stator and rotor [7, 141-
143]:

WP =
RS _m@is Lls Llr (m;mrl@qr Rs i Lls L]r {_ r}@df

n n +-—MA-—~Q—'m\—|—fﬂ'ﬁ‘——(}t-d‘:Am—4+
T ,,C’ i A © R, —p 4— R}
U 4s 14z Lm% 1dr 1 H{F 1qs Lm% 1qt Hqt

d mls q axls

Figure 5.4 The d-gq IM equivalent circuit [143]

. diigs
qs = Rsigs + d—? + wPys (5.12)
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aygs
dt

Ugs = Rglgs + - wqqu

, dyigr
0= erqr + d‘? + (0 — 0 )Pgr

dygr
dat (('0 - (*)r)qjqr

0 = Ryig +
where stator and rotor fluxes are obtained from:
Yas = Lislgs + Liplgr
Yas = Lisias + Linlar
Yar = Liplgr + Lipigs
Yar = Liplar + Linlas
Stator and rotor currents are derived from:
lgs = xils ("Jqs - ‘pqm)

1

lgs = ; (Was — Wam)

T X
.1
tar = 5, (""qr - L|qu)
. 1
lar = x_lr (Lpdr - L|Jdm)
while rotor and stator inductances are calculateahfro
L =L+ L,

L, =L, +L,

The state space equations of the IM are then wrien a

U=Ri+2+wy

W = Li

where:
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(5.14)

(5.15)

(5.16)
(5.17)
(5.18)

(5.19)

(5.20)

(5.21)

(5.22)

(5.23)

(5.24)

(5.25)

(5.26)

(5.27)



uqs iqS [lpqsl Lls 0 Lm 0
Ugs ids l/)ds 0 Lls 0 Lm
U= L= ’ - ’ L= ’
uqr lqr l/) wqr Lm 0 Llr 0
Uar iar L, ) 0 Ln, 0 L
R, 0 0 O
R = 0O R, 0 O
{0 0 R, O
0O 0 0 R,
Xim = l/xils+x—tr+ L Xjg =2 fxLyg; Xp =2m*f*Ly | Xy =2 * f * L,
and
0 w 0 0
—w 0 0 0
W=lo o 0 ®— o,
0 0 —(w—w) 0

The mechanical model is given as follows [7, 141, 142]:

Te = ;Np (wdsiqs - ll}qs ids) (528)

while the motor speed is determined from the machine épfgad torque, and moment
of inertia as follows [7, 141, 142]:

dom
T2 =5 (T = Buoom = T)) (5.29)

Where:p'= dy /dt

5.2.2Field Oriented Control Drive

To apply the FOC scheme the field current componeistaligned with the rotor field,
and the torque current componeégtis perpendicular to thas To achieve this the
reference frame is aligned to the rotor flux veciidris is performed by choosinge

equal to the speed of the rotor flux, and hencerimn&bion about the position of the

rotor flux space vector is required as shown in Fegu5 [141].
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Figure 5.5 Principles of a field oriented control scheme [92].

As discussed earlier in chapter 3, the field orientedrobsets the slip value to ensure
the rotor flux vector is aligned with the synchronisederence coordinator. The
simplified scheme of a field oriented control is showirigure 5.4102].

! T FOC:

Estimate Y., &

Calculate iy and i,

Compare with references from PI
speed controller

Generate the output to the PWM

A
PI Speed Controller:
Obtain the speed reference

Calculate the error @) — @, LR
Calculate the torque and flux
references (7" and ;)
Generate the output to the FOC Terminal PWM
? Measurements
b
» / IM

Figure 5.6 The simplified scheme of a field oriented control

Therefore, the rotor flux is aligned with the d axis,shown in Figure 5.6, so that=
wrd @Ndyrq = 0; and hence from Equations 5.14-5.15 and Equations 5.18 the rotor

flux is estimated using the following equation [10Q2]t
Y = —m (ias) (530)

- 1+Tys

Thei}, is determined from the reference rotor flux as follow&l[1102]
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ias =1 (531)

while the slip frequency is determined using tfieas follows [101, 102]

Lm s
Wg = m lgs (532)

Next the electrical flux angle is determined in thiéofeing way [101, 102]:
0= [(wg+ wp)dt 6.33)

Theig, is derived based on the torque reference as indi¢bbdd 102]:
% 2
lgs =5 - -0 (5349

The current reference values of the stator currempoments are then converted into
three phase current referendes,iv , ic , in order to compare them with the measured
values in the current regulators. The current regidatioen produce the reference
voltage for the inverter gating signals [102].

Equations 80-5.34 show that the electromagnetic torque can be sepawrdgigted
while maintaining the flux constant. Also, the electromet@ torque is proportional to
theigqs, and the flux is correlated to the field currentnpmnentiqs by a linear first order

function with the rotor time constant

5.2.3MRAS Speed Estimation

The FOC needs two important pieces of data from the im&achhe first is the terminal
currents which are measured by the drive using in-lseitisors. The second is the
mechanical speed which may be measured using a spee@eocestimated using the
induction motor equations. The VSD used in the rigased on an MRAS scheme to
estimate the motor mechanical speed.

MRAS is generally implemented by representing oneateiin two different sets of
eqguations. The first is independent of the estimateidha and used as a reference.
While the other uses the estimated variable as an edjysirameter. An adaptation
mechanism is used to adjust the estimated variable bagbeé the difference between
the two models. The estimated variable is continualiysteld to ensure the difference
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between the two models goes to zero. The generatgteusf MRAS is represented in

Figure 5.7 [97]
{ Reference Model Jﬁ
—p -
12 { Adaptive Model ]_V_T
Wl

9

Adaptation

Mechanism

Figure 5.7 The general structure of MRAS

For induction motor speed estimation, different scherags heen suggested based on
the MRAS estimator [97, 142846]. In this case the rotor flux is described by the IM
voltage and current equations to build the refezennod the adjustable models
respectively, in the stationary reference frame. Thiemse was selected as it is the
scheme used by the rig drive. The voltage and curreaisunements are firstly

converted into the stationary reference frames as fallows

=1, (535)
i5 = (1/\5) Cig +20y) (536)
ud = (1/3)( Ug + U) (5.35)
uj = (1/\@) u, (5.36)
The reference model is represented in Figure 5.8 , gisdallows [97, 98]:

dir r . digs

Hor - LL—m(uas — Ryiys — oL =) (5.37)
dwzr _ Ly . dlﬁ's

= ;(uﬂs — Ryig — oL, =) (5.38)
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Figure 5.8 Reference Models, (hjlux component, (by flux component

while the adjustable (adaptive) model is representedoasnsim Figure 5.9 [97, 98]

ayl, 1 . i ~ i
% = T_r (Lmlocs —Yor — wrlp;i‘r) (5.39)

dlpir 1 . 1 ~ 1
o = 7 (Lmigs =Wy + T 0rhiy) (5.40)

Yar

ot ’

Figure 5.9 Adaptive Models, (d)flux component, (by flux component

(@) ®)

Many adaptation mechanisms have been developed indtature [97, 98, 145, 147]
however they are generally based on the Pl contnetkéch is depicted in Figure 5.10

and described as follows [97]:
@y = Kp (Y Wlr — Virbpy) + Ki [ (bl — Yty )dt (5.41)
where the superscripts u refer to current and voltage models respectively, the

superscript ” refers to the estimated value
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Figure 510 The MRAS adaptation scheme.

The stability of MRAS models has been widely examinetl diacussed. One of the
most important issues with MRAS is the PI controllemgaiThe Pl controller gains
must be prudently chosen to ensure the system remains siableitier speed range.
This is normally performed by PI tuning. Different sctes have been examined and
suggested for the tuning process, including Nicolasi&iegnd auto tune variation
methods K, K; coefficients can also be tuned using trial and emethods, where
values are chosen based on the response of the systemludseara adjusted and the
response is observed continually until a satisfactory resspis obtained [97, 98, 145,
147].

5.2.4The PI Speed Controller

The speed controller compares the reference andatibdek speeds and generates the
error signal. The error signal is then processed dycarRroller so that the output sets
the torque reference value to the field orientattrod. There is also another part of the
speed controller that sets the reference value fdiukeThe flux reference is defined
based on the reference speed and the rated motor fifbedeference is less than the
rated speed, the reference flux is set to the ratkee while in other cases the reference

flux is reduced by the inverse of the rotor speed1148].

5.2.5The Three Phase PWM

The inverter selected is the universal bridge blockithatements a three-phase power
converter based on six power switches connected ilnlgebconfiguration. The power

electronic devices selected are the IGBT/Diode whietuélised by the rig VSD.
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5.3 Simulation Results and Validation

The parameters of the induction motor used for thehaige been taken from the
variable speed drive. Certain parameters were derived from the motor’s nameplate
while others were estimated during the auto-tune prqua$srmed by the drive. The
induction motor specifications listed in Table 1 ased. The motor nominal inertia
together with total load inertia (obtained from guuént datasheets) is 0.36kd.Mhe
model commenced with 0% load at 100% speed for 0.5ndsecdine currents are

represented in Figure 5.11.

Three phase line current under 0% load and at full speed

80 T T T T T T

T
60
40
20
0
20
-40

1

0.1

Figure 511 Three phase currents from the model
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The response of the system to the speed reference dlsaagemined by varying the

speed reference and observing the response of speldidkeFigure 5.12 depicts the
response of the model to speed reference changes. dduk rgberence is set to 25, 50,
75 and 100% of rated speed under 0% and 100% loads.
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(a) Model response to speed set-point change under 0% and 100% loads
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Figure 512 Model response to speed set-point change under 0% load

Figure 5.12 (a) shows that the drive has maintaited miotor speed around the
reference within an acceptable error. Addition#ily transient response, describing the
transition between speed set into another, shows tattegehaviours. The error in
percentage to the reference point is kept minimalsst tlean £0.6% even at transient
response as shown in Figure 5.12 Hajther this figure shows that the speed response
improves as speed increases. This is due to the integinawioimed in the estimation
processes and control scheme. The integration gain sesea the frequency decreases
which results in drifts in the estimated variables &t &peed. Additionally, the Pl
controllers bandwidth limits contribute to the dsiff he Pkontroller’s parameters are
fixed and hence the bandwidth of each control isdionited to these parameters. Speed

control performance degrades when working around tth@oB$ bandwidth limits.
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The response of the model to variable load has also ipeestigated. The speed
reference is set at the full speed. While the loagregice is varied taking the values of
0, 26.85, 46.85 and 70 N.m, for 0.5 seconds perdeadAs shown in Figure 5.13 (a),
the drive has successfully maintained the motor spedtieateference within an

acceptable error. The behaviours at the transititsts show good response, i.e. the

overshoot is less than 0.1% of the full speed under gieeki load case.

Additionally, as indicated in Figure 5.13 (b) theatomagnetic torque shows a good
level of response to load changes. The reference taigaieges as the load alters.

Further the motor electromagnetic torque follows theresfce torque set by the FOC.

(a) Speed response to variable load
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(b) Torque response to variable load
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Figure 513 Speed response under variable load conditions

Figures 5.12 and 5.13 show that the model revealstiea@sponses to both speed
and load changes. Motor speed and the electromagosadiget exhibited acceptable
responses to changes in load demands and with satisfaetosient and steady state
behaviours.

The reference and measured speeds from both the nmodedjdave been investigated

to verify how far the results from the model correspond with the results from the rig’s
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VSD and motor. Figure 5.14(a) shows the speed referand speed response from the
rig’s drive under variable load conditions, i.e. 0%, 30%, 70% and 100% of the rig full
load, while Figure 5.14(b) presents the referencefeedback electromagnetic torque

signals.

Both speed and electromagnetic responses show effective regulation from the drive’s
control system. Figure 5.14(a) indicates that speed wastaimad at the required
reference even when different loads were applie@. dlactromagnetic torque shown
in Figure 5.14(b) was also maintained appropriatelpiwithe reference. However, in
contrast to the model responses, transitions from onetéoadother are not clearly
indicated in the rig’s responses which can be due to the signals filtering schemeen th

drive.

(a) Rig speed response to variable load
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(b) Rig electromagnetic torque response to variable load
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Figure 514 Rig speed and electromagnetic torque responses to variable loads

Line current and voltage signals from both model agavare also compared as shown
in Figure 5.15. The comparison has been made at théysstate conditions and full
speed under 0% load. Figure 5.15 (a and b) describmuthent and voltage signals in
the time domain, while Figure 5.15 (c and d) repretem in the frequency domain
Current and voltage signals from the model showed sirctianges to those from the

rig in both the time domain and frequency domain ur@dé load condition. This is
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further observable when the load is increased tdulhéoad. Both time domain and

frequency domain current and voltage signals are comparsdown in Figure 5.16.

(a&DCurrent signals comparison under 0% load at full speed 800 (b) Voltage signals under 0% load at full speed
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Figure 515 Current and voltage signals comparison at full speed under 0% load

(a) CurBem signals comparison under 100% load at full speed 88107) Voltage signals under 100% load at full speed
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Figure 516 Current signals comparison at full speed under 100% load

The electrical power has also been compared. Figtiergpresents the comparison
between power signals under different load conditions.
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3 5(a) Power signals comparison under 0% load at full speed 1(5b) Power signals comparison under 100% load at full speed
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Figure 517 Power signals comparison at full speed under 100% load

The motor line current rms and electromagnetic torquigesavere further evaluated
and summarised in Table 13. Results from the simulation shoilarity to that from
the rig indicating that the model, to some extentiesgnts the real application and can
be used for further analysis in relation to the inflte of load and speed oscillations,
and ensuing faults, on the system as well as the respdbrike drive in cases of

abnormalities.

Tablel3. Rig and model torque and current rms values

Current (A) Torque (N.m)

0% load | 100% load | 0% load 100% load
Model 11.7022 | 26.0428 7.6631 81.4304
Rig 12.2244 | 24.8712 7.0464 80.7609

To examine the response of the system under load ostillatinditions, oscillatory
signals around the system angular speed were addedlt@athesference. The system
angular speed is integrated and passed through a d¢oscten and multiplied by a
gain and then added to the load reference. Heheedcillation with an amplitude of

AT will be modulated by the system speed, while sets the size of oscillations
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representing the fault severity. The oscilation is adddde load torque reference value

as follows:
T,sc = ATcos(6) (5.42)
0= [ w.dt (5.43)

Three differentdT values have been used aimed at representing threeedifiegrees
of severities: 0 denoting baseline (BL), and 0.1 aBd&ferred to as (0.1 Osc) and (0.2

Osc) respectively.

The model was run at the full speed under 2N.m lopcesenting the minimum load
and 70N.m for 4 seconds. Following this the specttheturrent, voltage and power
signals were calculated and compared with that ofodadllation-free signals (BL).
Further a direct comparison between the averagegieosignals, representing static
components, was made to observe the influence on thestoegponse.

Figure 5.18 depicts the torque demand and torquenssgignals under the two tested
loads. The electromagnetic torque oscillates sinusaididating that the noise has
been successfully induced to the model. The torque dfnam the drive, presented
in Figure 5.18 (a-b), shows that the drive sets ¢ingue to a nearly constant value;
however the response oscillates with the load. Thigtndwable to the fact that the
drive is a speed controller where increased emphagigdgd on controlling speed

rather than torque.
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(a) Torque demand under 0% load (b) Torque demand under 100% load
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Figure 518 Electromagnetic torque demand and response signals under 0% and 488% lo

To observe the influence of the induced load osmitet on the speed response of the
model, both speed demand and speed response signalscolieted and are
represented in Figure 5.19. The drive compensates éopshillations induced by
reflecting the oscillations onto the speed demand gma can be seen in Figure
5.19(a-b). This is aimed at preventing the load @dmihs from affecting the motor
speed. The drive has therefore maintained the speled mference and minimised the
fluctuations in the speed response as shown in Figl®écxl). That is the motor speed
indicates highly similar responses under different osoijatonditions. The strategy
of field oriented control therefore is to maintain prospeed and in the meantime
provide sufficient torque signal to the system. Any desnn the mechanical load are
compensated by the drive to prevent it from changiagfeed.
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(a) Speed demand under 0% load (b) Speed demand under 100% load
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Figure 519 Electromagnetic torque demand and response signals under 0% and 408% lo

Figure 5.20 illustrates the current spectra comparisorthe three load oscillation
cases. It is clear that load oscillations have creasgpiéncy components, sidebands,
across the fundamental supply frequency. Amplituddseaetsidebands increase as the
level of oscillation increases. Further Figure 5.20 shthat the supply frequency has
increased with the load. The drive increases the gidiggjuency to compensate foeth

load maintaining the speed closer to the referencalspee
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(a) Current spectra comparison under 0% load and at full speed
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Figure 520 Current spectra comparison under different load oscillation levels

A similar observation can be made for the voltage sggwalere the oscillations have

also modulated the voltage signals and created sidebanalss the supply frequency

as shown in Figure 5.21. Further amplitudes at thesebaitls increased with

oscillations.

The spectra of electrical power additionally show samibehaviours. Figure 5.22

represents a comparison of the electrical power spkotrathe tree different cases.

This confirms the theory discussed earlier proposinginthidte event of a mechanical

fault such as shaft misalignment or a gearbox lubrigault, load oscillations will

modulate the electrical supply parameters. The drizetseagainst such oscillations in

order to maintain a smooth system speed response. Analysngotter supply

parameters can therefore lead to the detection dfsfacurring in downstream

mechanical systems.
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(a) Voltage spectra comparison under 0% load and at full speed
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Figure 521 Voltage spectra comparison under different load oscillations

(a) Power spectra comparison under 0% load and at full speed
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(b) Power spectra comparison under 100% load and at full speed
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Figure 522 Power spectra comparison under different load oscillations

To evaluate the performance of each signal, amplitatlest, right sidebands and their
average have been calculated in percentage tatie values, as listed in Table 14:
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Tablel4. Current, voltage and power at sideband amplitudesrizentage
Current % Voltage % Power %
0% load 100% 0% load 100% 0% load 100%

load load load
BL 0.0142 | 0.0138 0.0007 0.0007 0.0521 0.0656
Left 0.10sc| 0.0881 | 0.0813 0.0030 0.0028 0.1240 0.0908
0.20sc| 0.1629 | 0.1576 0.0052 0.0048 0.3072 0.2331
BL 0.0649 | 0.0565 0.0041 0.0036 0.0923 0.0448
Right 0.10sc| 0.1100 | 0.0972 0.0077 0.0059 0.1093 0.1355
0.20sc| 0.1673 | 0.1437 0.0136 0.0092 0.2435 0.2441
BL 0.1651 | 0.0351 0.0024 0.0021 0.0722 0.0552
Average | 0.10sc| 0.0396 | 0.0893 0.0053 0.0044 0.1167 0.1131
0.20sc| 0.0991 | 0.1507 0.0094 0.0070 0.2753 0.2386

The table indicates that electrical supply parametew €onsistent changes with load
oscillations at the examined sidebands, indicating thdity for fault detection and
diagnosis. It can be seen that the left and the sglgbands have been averaged to
obtain more accurate and reliable results. Power ardpfittat the investigated
sidebands exhibit the highest changes with load oseilist while contrastingly the
voltage signals provided the poorest diagnostic paidoce. This agrees with the
experimental results in that power signals showed supeiagnostic performances

than that of current and voltage as discussed latehapters 7 and 8.

The mean values from the electromagnetic torque signakslso compared as depicted
in Figure 5.23. The effect of the load oscillatioealear in that the average value of
the electromagnetic torque increases as the oscillatmeases. The drive increases
the electromagnetic torque to overcome the effedtebscillations and prevent them

from appearing in the speed signal. The static el@etgnetic torque is changed based

on the rate of oscillations.
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(a) Electromagnetic torque comparison (b) Electromagnetic torque comparison

under 0% load and at full speed under 100% load and at full speed
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Figure 523 Electromagnetic comparison

To conclude, results show that load oscillations gdigegaenerated by mechanical
faults can be detected when the AC motor is driveth &i VSD. The oscillations
modulate current, voltage and power signals at a érgyucomponestrelated to the
oscillation frequency. The speed and electromagnetitiégodemands are adjusted by
the drive to compensate for the load changes anditaaimathe system speed stable at
the reference. Therefore mechanical faults, which irstnoases cause additional
oscillations that modulate at the fault frequency, banmonitored and detected in

electrical power signals as well as the static componéeteairomagnetic torque

This agrees with the experimental results in that shafich are rotating in different
frequencies, can be found in current, voltage awaep spectra. For instantg f» and

frs of the GB1can be observed clearly in the current, voltage @owler spectra as
depicted in Figures 7.9, 7.10 and 7.11. AdditionaWihen a fault, such as shaft
misalignment, occurs amplitude at these frequency compoichiange consistently
with the fault, as described in Figure 7.16. Also Fegur.24 and 7.25 represents the
static data changes due to the faults applied. A densishange with fault severity is
remarkable and can be taken as a measure of fault s=efibe results from the
model, therefore, constitute the diagnostic stratedfyis research in that both dynamic

and static data can be combined to indicate andddaalts.
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Chapter 6

Observer Based Fault Detection

This chapter details the theoretical backgroundeupishning the observer based fault
detection method. It further describes the resiglggneration process and their use
for condition monitoring and fault detection applions. Details of the scheme the
observers developed for speed and flux estimatibiciware used for fault detection
are described. Additionally this chapter explaims tesiduals generation method used
based on the measured and estimated powers anidy filhastrates the residual

evaluation schemes developed for fault detection.
6.1 Introduction

6.1.10verview

Model based techniques are widely used for fault tieteand diagnosis in automated
systems [15]. The monitored preseis mathematically modelled to produce
guantifiable analytical information that can be uswdkalth measures and the severity
of the abnormality detectedenerally, process mathematical models together with
parameter observers, state estimation and analyticadgsimg methods are utilised for
analysis and diagnosis. Special features, for exarppigsical defined process
coefficients or special filtered or transformed realduare then isolated as indications
for system health. Based on the features extractesinparison between the current

and healthy cases is conducted for fault detectiorsanerity estimation [149, 150].

A comparison between the estimated variables with tlasuaned signals is continually
performed to ensure system health and to diagnose fodewsloping faults. The

mathematical model of the monitored process is utilisepidi@ameter estimation and/or
state estimation. Residuals are then generated by togphe differences between

the measured quantities and the corresponding valuesaggshey the model [151].

As explained in the previous chapter, sensorless vasabkled drives require accurate
flux information for speed and torque regulation. éterthe drive needs to estimate
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both flux and speed without any additional sensors.dd s@ elements such as
resistances, inductances and name plate parameters aporated together with the
motor model. Therefore the utilised motor model togethith speed and flux
estimators and observers can also be incorporated iautiedfagnosis and isolation

process.

6.1.2Theoretical Background

In model based fault detection approaches, when a daalirs particular process
parameters will be physically influenced and their aignvill be changed accordingly.
Such changesanlead to alterations in some parameters that can belatdd by the
process mathematical model. Hence, monitoring parametersaias sivhich are
calculated mathematically would indicate for the famd may locate it. However, in
many circumstances the relevant processes include corefa@gns and equations and
deriving its mathematical models is challenging. Adddibn mathematical models
can be time consuming to develop and not always beaecenough to represent the
process [20]. Moreover, signals from the model can beuptad with model
uncertainties and unknown disturbances. Thereforadudnalysis processes may be
required on the generated residuals to differentiveendifferent faults and
distinguish the effects of faults and noise [152] Thiggests that when a model-based
fault diagnosis technique is applied following modejlof the process the main issues
which need to be addressed are the manner in whiclssaggeinformatioron the

produced residuals is filtered and extracted [152].1

Model based fault detection is in essence implementdévsloping the process model
mathematically and representing it in a computer prograrfor@. The model
replicates the system hardware and operates in pdmtleé system within the same
system inputs [152]. When a fault occurs, it will caudéedinces between system
model outputs and corresponding actual system measuremeese. differences are
called residual signals or fault symptoms [151]. Figufeiustrates the simplified

construction of the model based fault detection aadrdisis [152].
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Figure 6.1 Simplified construction of the model based fault detection and degnos

It was earlier indicated that the most critical issuesmimplementing a model based
fault detection are the existence of unknown distndes, the model uncertainties and
the signal processing required for fault identifioatand isolation [152]. To overcome
these problems many methods have been suggested irstewayears [151], for
instance observer based schemes, parameter identifitats@ad methods and parity
space methods. Observer based and parity space balsedjues show significant
similarity and can be structurally the same. This is wuthe fact that parity space
methods generate particular types of observers anc likeg can be included under
the framework of the observer based fault detectiberaes [152 361]

As stated by [152], utilising an observer instead efghocess model is preferable so
as to avoid model uncertainties and disturbancessaserthe robustness of the fault
detection processand to obtain better process output estimation. Maneows
flexibility [151] has meant that its usage is widespread.

Observers are used for state and parameters estimations wéepdhemeters are not
known and not easy to measure. However, certain measate at the output and/or
the input are needed for the observer. So if thega®is described in a state-space form

as follows [20]:

x = Ax(t) + Bu(t) (6.1)

y(£) = Cx(t) (6.2)

Whereu(t) andy(t) are process input and output measurements respectindly,a

B, C are the process parameters.
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The state observer then can be used to describe thevwumkmnacess variable based on
the measured inputs and outputs and assuming A,B,Pracese. The observer is

expressed as follows [151]:
x = AZ(t) + Bu(t) + He(t) (6.3)
e() =y(@) —y(@) =y(®) — C2(t) (6.4)

WhereH represents the observer gains, afg represents the output error. The state

estimation error is defined as follows [20]:
() = x(t) + x(t) (6.5)
¥(t) = [A — HC]x(t) (6.6)
The state error goes to zero in the infinite time [20]:
}ifoloi(t) =0 (6.7)

The stability of the observer is achieved by approgljaselecting the observer

feedback gains H. Figure 6.2 represents the process witibderver.

u(t) ¢t x(t i
J g +X() f c y(t)
+

4
e(t) Residuals

y(®)

Figure 6.2 Process and observer structure, redrawn [152].

When the system is affected by disturbances and fauttis,eftects need to be added
so they can be seen in both the input and outpualsighigure 6.3 shows the addition

of disturbances and faults to the process shown in F&gRre
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Figure 6.3 Process with faults and disturbances, redrawn from [151]
The system with faults and disturbances then can be fameallows [151]
x(t) = Ax(t) + Bu(t) + L, f(t) + Qu(t) (6.8)
y(t) = Cx(t) + Rw(t) + L,f(t) (6.9)

Wheref (t) denotes the additive fault vecter(t) andw(t) are the un-measurable
disturbances at the input and output respectivetg 3Jtate estimation error and the
output error are then calculated from the followegations, respectively, assuming
v(t) = w(t) = 0 [20]:

¥(t) = [A — HC1%(t) + L f(t) — HL,f(t) (6.10)
e(t) = Cx(t) + L,f(t) (6.11)

However, if the fault effects on the system parametéanges in A, B and/or C will

be represented a3\, AB andAC, and the process is represented then as:
% = (A + AA)x(t) + (B + AB)u(t) (6.12)
y(6) = (C + AC)x(t) (6.13)
And the state and output errors are represented as:
¥(t) = [A — HC]%(t) + AAx(t) + ABu(t) (6.14)

e(t) = Cx(t) + ACx(t) (6.15)
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Equations 6.12 to 6.15 show the role that the systeammers play when building
observers. Changes in system parameters will cause chanigesasitiuals due to the

changes they make on the input and state variables [20]

To conclude, model based fault detection can be mmghted by mathematically
representing the process of interest. However, in masgscit is time consuming and
not always easily possible to represent the process matheltlga@bserver based fault
detection then can be used to effectively monitoptioeess variables and generate the
residuals to indicate the existence of a fault. Thoggimerated residuals are mostly
influenced by changes process parameter and un-measurable disturbances. Residua

are therefore carefully examined and processed taadccurate results.

6.2 Residuals and Symptoms

The core tool for observer based fault detectionesgéneration of a fault-indicating
signal or residual. The information available from ingidl output signals is utilised to
generate the residuals that indicate for a set aisffilBb3]. Residuals, sometimes called
“symptoms”, need to be clearly defined for the system monitored h&y tare
independent of the system states and depend on the ddhultterest. In many cases
they are generated by simple comparison between thal agstem measurements and
the corresponding system model outputs [151]. To haverb@tderstanding of the
residual generation process, Figure 6.4 illustratesetttendant signal structure used
for residual generation processing. The obsdmgi, y) outputs the signalt) which
then together with the process output are processed,ly,y) to compute the
residuals [153]:

z(t) =Wi(wy) (6.16)

r(t) = Wy (zy) (6.17)
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A

Figure 6.4 Teredundant signal structure in residual generation, redrawn from [153]

The observer therefore uses the process input and datgeberate the estimation of
the process output. Therefore, the estimated parametardlaenced by process input
and output signals, while the estimation is based oneadifunction of the output
(My(t)), i.e.[151]:

Wi(u,y) = My(t) (6.18)
W,(z,y) = W(z(t) — My(t) (6.19)
Where W is a weighting matrix.

Therefore, the symptoms are generated by processing teensygtuts and/or outputs
based on linear processing functions. Figure 6.5 shayeneralised structure of the
residual generation process in the time domain basecaystem inputs [151].

Fault fi1)

Inputs u(t) Y Outputs 3
Process gft)

Y

Fauit indication

Residuds (Re) Residuds Processing "9

Y

> Observer h(t)

Estimated
outputs  y(t)

Figure 6.5 Observer and residual generator general structure, redrawjidtom

The mathematical expression of the observer shown ind-&6rs as follows [153]:

r(t) = h, (O @) + f() —y(®) (6.20)
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The strategy described in Figure 6.5 therefore usesphe variables to estimate the
output variable. This different to that depictedrigure 6.4 where both input and output
variables are included for observation. The advansagsing the scheme explained in

Figure 6.5 is that no need for measuring the outpugivias.

Generated residuals are then processed and analysattdot the fault of interest.
Residuals processing, as indicated earlier, should elientha effects of random and
immeasurable disturbances, meanwhilansiders parameters changes during the

operation.

6.3 Monitoring and Diagnosis

Predominantly then the observer based fault detedidrased on the mathematical
equations of the process. The residuals generator shealiléto indicate for the fault
and false alarms, mainly occurring due to random noise @maneasurable
disturbances, need to be avoided.

As shown in Equation 6.20, the performance of the rasidenerator is highly
dependent on the transfer matrigggt) andh,(t) which must be appropriately
selected to ensure the stability of the observer emtie hand and to provide valuable
information about system health on the other. It showddige zero index for the fault
free case, i.e(t) = 0 if f(t)= 0and:

u()g(t) —u()h() =0 (6.21)

From Equations 6.20 and 6.21 different residual geoeyatan be developed using
different forms ofh(t) [153]. The generated residuals are then used ftirdatection
by investigating whether a certain threshdi¢t)( is exceeded. An evaluation function
based residual(r(t))) is compared to the threshold function to genetadault alarm
[153]. An alarm signalff,(t)) is turned off if the comparison resultdssee Equation

6.22, or turned on if the comparison result is 1, as showquation 6.23 [20]
If J(r(t)) <T(t)thenf,(t) =0 (6.22)

If J(r(t)) > T(t) then f,(t) =1 (6.23)
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Different schemes [151, 152] can be used to separatearaisenknown disturbances
in the process from the faults as well as evaluatirgpg@rformance of residuals
generated. Technigues may include fuzzy likelihoom+iast, space victor and neural
networks [150]. However, such techniques may need addltresources in the drive
and additionally they are mathematically complicatedhéfollowing section, a new
scheme is developed when applying observer based ftatttbn using observers

designed for control purposes.
6.4 Applying the Observer Based Condition Monitoring Scheme

6.4.1MRAS Speed Observer

Observer based approaches are commonly embedded in esfsatiable speed
drives. The observer estimates state variables to prodwws er residual signals in
conjunction with corresponding measurements. ObserversruSemsorless VSDs for
speed estimation and control purposes can be simultsiyagsed for fault detection
Yet, in this case observers should be designed sdhatdbust against random noise
and to prevent the control system from following thdtfaonditions. A compromise
is required when developing observers for state estimatid simultaneously for fault

detection.

To develop the observer based scheme, the observestig iiimplemented as it can
produce the required state variables for the comstbeme and generate the desired
residuals for the fault detection process. The MRAS obseas built based on a
MATLab code as detailed in chapter 5.

The PI controller parameters are empirically defif@deach operating point. The
output from PI controller replaces the estimated spea&d\and forces the difference
between reference and adjustable flux models to Zére.outputs fronthis MRAS

speed estimator are the estimated speed and estimatetlwotmmponents),,- and

Yqr Wherey, = /wér + & and the phase angle (position of the flux victor) is

M)

calculated formd = tan™1(
wqr
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For stability and robustness the estimated speed chitebed before sending it to the
speed control system. However, the speed signal usealiiodétection and diagnosis
is not filtered in order to keep faults features. Tinéiltered speed signal is used for
flux and load torque observers. Figures 5.7 to 5.XChapter 5 illustrate the structure
of this estimator.

To verify the accuracy of this estimator data sets ftbentest rig used for model
verifications in Chapter 5 previously are also used here for observers’ verifications. The
current and voltage measured signals have been usepuds tio the speed estimator.
The output speed is compared with correspondingspesgd measurements from the
encoder. Figure 6.6 shows comparison between the estimad measured speeds
when the rig is run under different operating cdodd. Results show acceptable
agreement between the estimated and the measured atdiffsrent speed and load
conditions.

(b) Estimated Inst. Angular Speed under 100% load
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(c) Estimated Inst. Angular Speed under 30% load (d) Estimated Inst. Angular Speed under 100% load
180 180

160 160
140 140
120 — 120

100 o 100
80

Speed(RPS)
i

60
40 40
20 20

0 o]
o 5 10 15 20 25 30 0 5 10 15 20 25 30

Time (sec) Time (sec)

Figure 6.6 Estimated and measured speed comparison under different gpemadiitions.

6.4.2MRAS Rotor Flux Observer

Due to the fact that the drive used by the riggesmmercial industrial drive, it restricts

information about the detailed structure of the dagewd as details in relatiorot
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dynamic measurements and estimation techniques. Therefioogher rotor flux
observer is needed to confirm the flux estimated bysffeed observer. This will help
in obtaining more accurate rotor flux, position antjtie values. Different schemes
have been suggested for rotor flux observation [148fe, the MRAS flux observer
detailed in [65] will be used with some amendments. Tlaioaship between rotor

and stator fluxes is represented as follows [154]:

dyg, Ly .
T = T (g5 — oLsias) (6.24)

dyigr Ly .
—r= ™ (Ygs — oLsigs) (6.25)

From equations 4.12 and 4.13 the stator flux in tlaéiomery reference frame is
represented as:

dPgs .
d? = Ugs — Rgigs (6.26)

dygs

%es — gs — Rylas (6.27)

By using Equations 6.26 and 6.27 in 6.24 and 6.25 césph:

d¥gr Ly . .
Tl = 7 (f (ugs — Reigs)dt = oLsigs) (6.28)
dWgr Ly . .
—dg = (f (ugs — Rigs)dt — oLgigs) (6.29)

The rotor flux is also represented by the current &opus and speed as previously
described when the current model was developed fapided estimator, i.e. Equations

5.39 and 5.40 which are rewritten as follows:

Ay . ~
% = %(Lmlds_wdr - wrlpqr) (6.30)

dll’qr
dt

1 . ~
= (Liigs = Yor + T,0r¥ar) (6.31)
Equations 6.30 and 6.31 can be used as the referenetwitate the speed is obtained
from the MRAS speed estimator and the current signaheasured at the motor
terminals. Equations 6.28 and 6.29 are utilised f@atfjustable model. A PI controller

is used for the adaptation mechanism and adjustingdhptive model based on the
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difference between both fluxes. The output of thecétitroller is fed back to the

adaptive model where it is subtracted from the outptiie integrator (stator flux). The

structure of this model is shown in Figure 6.7.

ids—l
Rr JLE
ids L — P I!’J‘di’
e O~ [HO-[E
T Lin
+
Ugs
iqs—l
R, ol
los[ ] - p B 3 Yar
— O | BO—{ &
T, L.,
+
Ugs
w, |e

Figure 6.7 Rotor flux observer

The amendment made here is that in [65] the outputeoft controller is used as

voltage signal to adjust the stator voltage. Adddaitynin [65]a positive feedback signal

is used to adjust the adjustable model. Contrastinglyisnstudy the feedback signal is

flux type and is negatively fed back to the adjugtabbdel. The idea is to ensure that

the noise in the error signal is not added to estimifi@ds. Additionally, this would

prevent the error signal from being treated by theggirator in the adjustable model and

ensures that the fault features are not affected bytbgrator.

Similarly, for verification purposes, data sets utilisecChapter 4 have been used for

flux observer verification. Voltage and current tibgee with the estimated speed are

inputs to the flux observer, while the estimated toxmponent signals are the outputs.
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The estimated flux components from the speed estimatorflandobserver are

compared, and certain results are represented in BiguBeand 6.9. Results indicate a

high level of agreement between the estimated signaishaih observers.

Speed(RFS)

Speed(RFS)

(a)Estimated g-flux at 740rpm, under 0% load
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Figure 6.8 gflux component from speed and flux observers’ comparison
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a)Estimated d-flux at 740rpm, under 0% load (b)Estimated d-flux at 1474rpm, under 0% load
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Figure 6.9 dAlux component from speed and flux observers’ comparison

6.4.3Electromagnetic Torque and Load Torque Oscillation Estimation

The electromagnetic torque of an induction is categldased on measurement of the

three phase supply signals from one of the following form[i&5]:

Te = sz (iqslpds - idslpqs) (6.32)
Te =~ N Lm (lqu/)dr idrlpqr) (633)
Te = > p oL, (qulpdr lpdslpqr) (6.34)

When equation 6.32 is applied to estimate the electroet@gtorque of the motor,
stator flux is calculated from the voltage model expisseEquations 6.26 and 6.27.

A low-pass filter is used to eliminate the influenceripples due to the integration
required for stator flux components calculations anértbance the stability of the
observer. However the instantaneous torque signal iSoisestimating the load torque
oscillations while the filtered electromagnetic signa ba used for the control system.
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Data sets utilised in Chapter 5 have also been usedfber®rque estimation
verification. Voltage and current signals are fed thie torque estimator to produce the
estimated torque signals. Figure 6.10 shows comparison dretivee measured
electromagnetic torque from the drive with the corregspny estimated
electromagnetic torque under different load and speeditions. The figure shows that
the estimated torque signals are nearly identical with corresponding measured
signals from the drive.

(a)Te at 742rpm and 0% load (b)Te at 742rpm and 30% load (c)Te at 742rpm and 70% load (d)Te at 742rpm and 100% load
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Figure 610 Measured and predicted electromagnetic torque comparison

The load torque oscillation or torsional load torgileation is estimated using the most
popular mechanical equation of the induction motathout considering the viscous
friction coefficient, as follows [94]:

dwy
)

Tioaa =7 (Te = (6.35)
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6.4.4Residual Generation

When a fault occurs it will affect the process paramsetind changes the system
variables including the system speed, terminal voltagdssttor currents. The drive
will manipulate the motor supply to compensate for thenges generated by the fault.
However, the complex structure and the noise leweh fthe drive make it difficult to
detect small changes in the supply signals directly. Nlesfess the drive actions will
change the input power to the motor; meanwhile thé faill affect the output power
of the system by oscillating the load torque and theds@eedescribed in Section 3.7.2
Chapter 3.

The suggested scheme therefore employs both measured together with the
calculated (estimated) outputs to generate relEd®ja Specifically, by developing a
relationship between: the calculated mechanical péwer, which is calculated using
the estimated torque and speed quantities; and thsumesl poweP,,.., which is the
product of the measured supply currents and voltages:

Y=Post = f(Petecs Pmec) (6.36)
The measured instantaneous poRgy, is obtained from the three phase current and
voltage measurements at the drive terminals as follows:[101]

Pojoc = iy *ug + i xup + i, * u, (6.37)
wherei,, i), and i.represent the phase quantities of the induction nsd&bor current
andug, u,,u. are the phase quantities of the stator voltage. mbaction motor
utilised in the test rig is delta connected. Henceptiese voltage is equal to the line

voltage, while the phase currépand the line currerit are related as[156]

i, = 1/@ i, —30° (6.38)
The mechanical powd,,. is calculated from the estimated values of motor torque
T,(N.m) and motor speed,, (revolution per second) as follows [141]:

Pooc =0T, (6.39)
As indicated in [152], the residual vectotan be expressed based on the disturbances
and parameter deviation contehigP)d and the fault functiorl:(P)fwhich are related
as follows [152]:
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Re = Hy(P)d + Hy (P)f (6.40)
whereP refers to the design parameters of the observendeciion motor parameters.
Based on Equation (6.40), the disturbance couteaeds to have least influence, while
on the contrary the operatbrs required to be at maximum. In other words, residuals

should show greater sensitivity to faults.

A decoupling scheme needs to be developed to make shiaer independent of

disturbancesi; (P)d. Studies indicate significant work towards developiagalipling

schemes that perform improved disturbances. More detatlsesé methods can be
found in [152] [10, 15, 68]. Nevertheless these tepis are mostly dedicated to
observers designed for condition monitoring purposes. Veheobserver is designed
for control purposes, the generated residuals will aésoftuenced by induction motor
parameters and load disturbances as illustrated ind=igudrl. In such surrounding
changeable conditions if not considered appropriatiely can lead to false fault

indication.

Ambient
Conditions

Disturbances

Field Oriented ]

[ Mechanical
Control E L Load ]
Speed and Flux Par;'neters Faults

Estimation change

Noise
Figure 611 Conditions influencing sensorless VSD driven mechanical load

In industrial process control systems [157, 158] a cfittueg scheme is used to detect
actuator faults in the control loop. Controller awtpand process variables are fitted
piece wise to a certain waveform based on the diagraasedtor. Any deviations from

the fitted curves will indicate a fault in the moméd actuator. The curve fitting scheme,
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also referred to as local regression [159, 160], islwidsed to formulate a relationship

that attempts to describe important patterns in the daiée removing noise.

To show how the output power changes with the inpuigpoFigure 6.12(a) describes

this relationship under different operating conditionsnftbe baseline data.

The main concern of the fitting process is to make és@luals robust against motor
parameter inaccuracy and any disturbances from loadieari&lence, both estimated
and measured signals are norised to the reference setting values by fitting th@out
across different loads. Figure 6.12(b) shows the fitbngcess performed at 100%
speed across different loads, where the fitting ifopaed by the MATLAB fitting tool

to find the best fitting. As shown in the figure, theese setting values fit the quadratic
curve of the following form:

$(t) = a;x(t)? + a,x(t) + as (6.41)

where, coefficientss, a; andasz are -0.083019, 3.4656 and -20.29 respectively.

(a) Relation between measured and

estimated powers at 100% speed (b) Curve fitting using Matlab
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Figure 612 The fitting process

When the relationship is developed from the baselata,ch polynomial model is

defined to describe this relationship as outlined indiign 6.41. Residuals are then
calculated from the difference between the model wutpstimated power) and the
mechanical power as follows:

Re ) = |Pmes(t) - ﬁest(t)l = |pmec(t) - }A’(t)|
(6.42)
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Additionally, a first order digital low pass filterith time constantis suggested to
remove high frequency noise. The transfer functidghetligital low pass filter in terms

of Laplace transform is:

Gp(s) = — (6.43)

1+7zs

Finally the residuals generated are quantified, repteden percentage to the motor

base power. The developed scheme is represented i Bigi3:.
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Figure 613 The schematic of the suggested scheme

6.4.5Residuals Evaluation

To complete the fault detection task, residuals ned tevaluated based on a certain
threshold. A threshold value is required as residuals cannot be zero even in the case
of fault absence due to measurement noise and modelaingef159]. There are
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different schemes used to set up a predetermined threfirofdult detection and
residual evaluation purposes. However, as indicat¢ti5f, 160] each identification
method as well as each process will has its own resicdadliagion strategy hence

developing a specific threshold setting mechanism.

As the aim at this point is to detect small changeseénsthnals, the threshold is set
based on running the system under normal operating comgliseveral times and
visualising the highest residuals values [161]. Figutd éepresents residuals resulting
from two different baseline runs. As is clear from fiigare, the normalised residuals
are not zero even for healthy operations. Furtheduess are changed with speed
values therefore each speed operating point wik lis\particular threshold value. The
worst case is when the residuals reach the maximumsvahder the normal baseline
conditions. The maximum operating point has been tz&ul from the baseline and
then a gain margin of 30% is chosen to which the thresisokkt. The resulting
thresholds of the three tested speeds are: 0.022@10ahd 0.1157 for 50%, 75% and
100% speed respectively.
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Figure 614 Two baseline tests for threshold identification
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To conclude, in this chapter the theoretical baakgdoof observer based fault detection
and the residual generating scheme has been briefydptb Following that, speed
and flux observers for sensorless VSDs are implemented and r@sulterified based
on the real rig measurements. This is followed by #nelbpment of a new residual
based generating method. The method uses both measured aow estimated
mechanical power to develop polynomial models that desthnie relationship between
both powers. The models are then trained to the baskdiaeand used to generate the
power residuals. This scheme is proposed to make residbalst to load changes and
motor parameter inaccuracy. Residuals are then low-esed and represented as a
percentage to the base motor power. The thresholdexpeximentally defined by
taking a worst baseline result and developing a 30#6rgargin. When residuals reach
this value a fault alarm is triggered. An off line gl@sis process is then required to
identify and locate the fault.
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Chapter 7

Diagnosis of Mechanical Shaft Misalignments

Mechanical shaft misalignments with four degreesederities are tested to examine
the residuals and the sensorless VSD responsesdbanical fluctuations caused by
faults. Firstly, an introduction is provided folled by brief details on the effect of the
shaft misalignment on the mechanical and electsgalem. The characteristics of the
rig baseline in open loop and sensorless operatinges are then explained. The
chapter continues with an analysis and discusditimeovibration response to different
faults applied followed by details and discussidrih@ results from tests performed
under an open loop operating response. Finallyrélsponse of the system under the

sensorless operating mode is provided and analysed.

7.1 Introduction

In the following, results obtained from tests explaime@hapter 4 are discussed. The
analysis is made based on a systemic comparison of dtffecenrol parameters

between two common control operation modes: open &up sensorless control
modes. This can lead to definition of the role of #®nsorless VSD in case of

mechanical fault occurrence and differentiate ihwvitat of the open loop actions.
7.2 Base Line Characteristics

7.2.10pen Loop Operating Mode

Under the open loop operating mode the drive previmerent signal with constant
frequency. The drive maintains fixed V/Hz ratio duritng operation based on the
speed setting. For this particular set of tests, misalightasts, data is collected only
when temperature is stabilised. Figure 7.2 (a,b) septs GB1 and GB2 temperature
values respectively. It is clear that both GB1 and2GRve the same temperature

behaviours and temperature changes with nearly the santeexhibited in both.
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The system speed under open loop operating mode is shdwgure 7.2 (c). When
the drive is in open loop control mode, there ispers feedback to the drive regulators.
The drive provides supply with fixed frequency basedtlee reference speed. The
consequence of load increase is reduction in the sheetb the load torque. However,
the drive does not compensate for this increase irodw® and preserves constant
electromagnetic torque by maintaining the V/Hz ratiostant.

(a) GB1 Temperature at 1477 rpm (b) GB2 Temperature at 1477 rpm
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Figure 7.1 Temperature and speed response under different load conditions

To further understand the behaviours of the system uhdespen loop control drive,
the current spectra of the baseline is calculategheegknted in Figure 7.3. The present
current spectra are shown for the system under 0%, 50%009%d load settings. As
clear from the figure, the fundamental frequency camepo of the currents is kept
fixed at about 49.9Hz for the different load setsingdditionally, feature frequency
components related to the gearbox shaft frequenotemereased in amplitudes with

load. As the load increases the oscillations of thesésshilf also increase and hence
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there are more excitations across the fundamental fnegu®mponents of the current

signal.
(a) Current spectrum from open loop mode under 0% Load and at 1471 rpm
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(c) Current spectrum from open loop mode under 100% Load and at 1471 rpm
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Figure 7.2 Current spectrum under open loop ope&yatiode

Voltage spectrum has also been calculated when thensystainder open loop
operating mode. Figure 7.4 depicts the voltage spettitze baseline under 0%, 50%
and 100% load. The voltage spectra shows the same fun@ddimegiency component
under different load conditions, i.8=59.994z. Additionally, sidebands of the shaft
frequencies can also be found in the voltage spelttraugh the left sidebands show
different behaviours to that of the current speasahey do not show clear changes
with load. This is due to the fact that drive maimsethe voltage signal constant in all
circumstances and prevents it from changing in ordezdp a constan/Hz ratio fixed

for every speed reference value.
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(a) Voltage spectrum from open loop mode under 0% Load and at 1471 rpm
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04 (b) Voltage spectrum from open loop mode under 50% Load and at 1471 rpm
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(c) Voltage spectrum from open loop mode under 100% Load and at 1471 rpm
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Figure 7.3 Voltage spectra from open loop mode under differentlmaditions

Similarly, the spectra of the electrical power arkewated. Figure 7.5 represents the
electrical power spectra under different load coondg. The main sidebands of the shaft
frequencies can be found across the supply frequerddgitidnally, these sidebands

show the same behaviours to that of the current speatrdimat they increase as the

load increases.
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(a) Power spectrum from open loop mode under 0% Load and at 1471 rpm
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(b) Power spectrum from open loop mode under 50% Load and at 1471 rpm
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(c) Power spectrum from open loop mode under 100% Load and at 1471 rpm
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Figure 7.4 Powerpectra from open loop mode under different load conditions

Static data from the drive has additionally beengéaty for analysis. Figure 7.6
illustrates the main electrical parameters that thieeduses for control purposes.
Despite the fact that when the drive is in the dpep control mode the regulators do
not affect all of these signals, the drive continuesaloulate all such parameters. As
shown in Figure 7.6 (a,b,c, and d), current, torgoger and torque current component
systematically increase with the load. On the other hanitdige signal and suppl
frequency, as shown in Figure 7.6 (e and f), are kegtly constant.

For diagnosis purposes, in any test case, the averagelofsignal at each particular
load is calculated and then compared with the cooredipg baseline values. Figure

7.7 presents the averaged signals against load values.
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Figure 7.5 Static data from the drive under different load conditions
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Figure 7.6 Averaged static data from the drive under different loadtioorsd
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7.2.2Sensorless Operating Mode

To evaluate the operating conditions of the systeneutiet sensorless control mode,

GB1 and GB2 temperature values are recorded andgaekas shown in Figure 7.8 (a

and b), in addition to the system speed during the ti@sting runs as in Figure 7.8 (c).

Both gears have approximately the same temperature wmedd close values.

Additionally, compared to the speed of that fromapen loop control mode, there is

limited variation in the speed even under differeaid settings. The drive maintains

constant and stable speed and prevents load oscillafidmdemand from changing the

stability condition of the system.
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Figure 7.7 Test rig operational conditions under sensorless coruds

The current spectra has also been calculated whegdtem is under sensorless control

mode to investigate the different frequency compounader this particular operating

mode. Figure 7.9 shows the current spectrum charstitsrivhen the system is under
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sensorless control mode. As shown in Figure 7.9, the rfeature frequency
components can be found. However, they are assocwitéd lower amplitudes
compared with those from the open loop test runs. Auhdilly as the load increases
amplitude at this frequency components also increase. Rabhgrkhe fundamental
supply frequency has increased with load. The VShgés the supply frequency to
compensate for the speed drop caused by the loaddthated in the open loop mode.

(a) Current spectrum from open loop mode under 0% Load and at 1475 rpm
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(c) Current spectrum from open loop mode under 100% Load and at 1475 rpm
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Figure 7.8 Current spectra under sensorless control mode

Similarly, the voltage spectra from the sensorless opgratode have been calculated
as presented in Figure 7.10. The voltage spectra fierseénsorless control mode are
richer in information than that from the open loop tcoinmode. Accordingly other
sidebands can be obtained, particul&sfs. Additionally, unlike the open loop mode,
the amplitudes at feature frequency components areasioig with load. This is due to
the fact that the drive is responding to any changetemand or disturbances by
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altering the voltage supply to the motor. This is alsarcfrom the discernible effort
exhibited by the drive in relation to the supplyguency. Change in the fundamental
frequency with the load is also clear from the voltagesp.

(a) Voltage spectrum from open loop mode under 0% Load and at 1475 rpm
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(b) Voltage spectrum from open loop mode under 50% Load and at 1475 rpm
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(c) Voltage spectrum from open loop mode under 100% Load and at 1475 rpm
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Figure 7.9 Voltage under sensorless control mode

The spectra of the electrical power supply signals uselesorless control mode have
further been calculated. Figure 7.11 shows the pewpply spectra under different
load conditions and at 100% speed. Power under ¢msat mode showed the same
behaviours to that of voltage and current. The maitufe frequency components can
be found with these features showing higher amplitudebeaload increases. Finally

the supply frequency changes as the load altersodie tegulation effect of the drive.
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(a) Power spectrum from open loop mode under 0% Load and at 1475 rpm
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(c) Power spectrum from open loop mode under 100% Load and at 1475 rpm
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Figure 710 Electrical power spectra under sensorless control mode

The static control data has been logged from the duavieg the operation. Figure 7.12
depicts the main control data from the drive understresorless control mode. The
torque related variables, i.e. current, torque angleporeveal a similar trend as that
indicated in the open loop control mode, as shovigare 7.12 (a, b and c). However,
the torque current component in Figure 7.12 (d) dligdtly increased as the control
system changes it when in the sensorless control mode. Thigris/ide better torque

response and prevent speed drop due to the loachsecr@dditionally, the voltage

signal shown in Figure 7.12 (c) is further regulatgddwer values compared to that
of the open loop mode. Finally, a systematic increasthensupply frequency is

noticeable as represented in Figure 7.12 (f). Tieedthanges the frequency of the

electrical supply to the motor to compensate for tisegase in load.
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(a) Current from the Drive (b) Torque from the Drive (c) Power from the Drive
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Figure 711 Control parameters under sensorless control mode

7.3 Fault Detection Based on Power Residuals

To investigate the performance of the scheme develap&thapter 6, changes of
residuals are examined under different load and ¢aniditions. Figure 7.13 shows the
residuals under different misalignment severities andatipgr conditionsResiduals
show good performance in that the faulty conditionswshayher residual values
corresponding to fault severity and values higher thampre-set threshold. It is also
clear that the load changes do not significantly caffine residual amplitudes.
Therefore, the residual indicators provide reliatdgedtion results of the presence and
the severity of the tested faults.
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15 Residuals in (%) from misalignment tests at 100% speed
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Figure 712 Residuals from misalignment tests under different operating conditions
7.4 Response under Different Fault Conditions

7.4.1Vibration Responses

Different degrees of misalignment have been applied, daiegd in chapter 4, on the
GB1 by placing different standard pre-cut shims urttie gearbox. The vibration
signals from GB1 and GB2 have been measured and prodesseiin the vibration
spectrum for analysis. Figure 7.14 shows the vibratignass fromGB1 and GB2
under different misalignment degrees of severities aadslolt can be seen that the
vibration signals have been increasing consistentlyh whie degrees of the
misalignment, as in Figure 7.14 (a). Noticeably, ti8n case indicates very small
changes compared to the other two fault cases. The misaig tolerance of the rig
couplings is 0.4mm and hence it was able to absorb sdaredion resulting from the
misalignment. Additionally, no significant changes inii®ation signals can be seen
in the GB2, as shown in Figure 7.14 (b), despitentiremal increase in the vibration
signals for the 0.5mm and 0.7mm fault cases indicatiapvibration signals have been
transferred to the GB2. However, the 1.0mm misalignroasg exhibits rms vibration

drop, which can be explained as a result of the neatibehaviour of the coupling. The
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nonlinear characteristic of the rubber spider hdaeniced the response of the vibration
signal. Rubber spider couplings can have high toasicompliance for fractional
loading. As a result of this property, the couplingeqgrs to be compensating for the
misalignment, particularly as the misalignment increasesidinal forces and hence

increases the nonlinearity of the couplings.

Also as clear from Figure 7.14, the results from theetbests showed the same trend
and similar values confirming the repeatability @ tlst rig. However for more reliable

analysis, the results from the three testing runs anagee for further analysis and

discussion.
(a) GB1 vibration rms at 1475 rpm 2 (b) GB2 Vibration rms at 1475 rpm
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Figure 713 GB1 and GB2 vibration rms signals comparison

As indicated in [122], the type of couplings usedrisraportant factor in specifying
the feature frequency component. In this test rigcthelings are three jaw. Hence it
is worth examining the third harmonics of the shafjdéenciesf1, fr» andfs. Figure
7.15 shows the vibration signals fr@aB1 under different misalignment severities and
loads. It can be seen that the vibration amplitude3Xaof f,1 and off;3 increase
consistently with the degree of misalignment. Paridy) the 0.5mm, 0.7mm and
0.1mm fault cases show higher amplitudes than that ddkeline. However, due to
the fact that the 0.3mm fault case is lower thanrtagimum permissible misalignment
of the coupling, it shows amplitudes close to thosehefliaseline. Therefore, these
results can operate as a benchmark for the electrmaérpsignals analysis and
diagnosis.
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(a) GBA1 vibration at f_ (b) GB1 vibration at f , (c) GBA1 vibration at f ,
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Figure 714 Vibration signals comparison at 3X fof, fr» andf.s under different severities

7.4.2Response under Open Loop Mode

To understand the general characteristics of theeigusignal response under a fault
case, Figure 7.16 shows a comparison between curra@ttrem of 1.0 mm
misalignment and the baseline under 50% and 100% lbanl be seen that the
components &tz are distinctive and the 3X components are higher therfirst and
the second, showing the basic feature of the tlan@ecpupling. Moreover, amplitude
at f;3 sidebands increases with the degree of misalignment, whicbnsistent with
fault severities. However, the amplitude decreases wét Hue to the effect of the

nonlinear behaviour of the coupling.

Components at 3X%; indicate changes with the misalignment but the am@guate
not clearly identifiable due to high backgroundsaoirom the VSD. The component at
1x of fr, shows slight change with fault severity as this is thermal shaft in the

gearbox.
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(a) Current Spectrum at 50% Load and 1495rpm
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Figure 715 Current spectra of 1.00mm and baseline comparison under diffeaest lo

To diagnose the fault severity, sideband componenteeaBX f;1 and 3Xf3 are

extracted and presented against loads in Figure Fibore 7.17 (a) shows the
misalignment on the first shaft is just detectable byctimeent spectrum at the high
severity of 1.00mm. On the other hand, the misalignmenthe third shaft can be
detected and quantified starting from 0.7mm, as showfigare 7.17 (b). The reason

for higher sensitivity to the third shaft is thatiitdertakes a torsional load 3.6 times of
the first shatft.

(a) Current Sideband at 3X of fr1 (b) Current sideband at 3X of fr3
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Figure 716 Current at 3X of.;andf,;s comparison under different fault and load conditions

To study the response of the voltage signal underdiftanisalignment severities, the
sideband components of the voltage at thé 3%nd 3Xf3 are calculated and presented
14



with loads in Figure 8.18. Figure 7.18 (a) shows tha first shaft is changing but not
consistent with the misalignment. The third shaft shéwessame behaviours as that of
the current signal, as shown in Figure 7.18 (b).

(a) Voltage Sideband at 3X of fr1 (b) Voltage sideband at 3X of fr3
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Figure 717 Voltage at 3X of;;andf; comparison under different fault and load conditions

Indicated earlier in Chapter 3 the spectrum of thegqy contains additional components
contrary to that of current and voltage spectraséhsre sidebands across the double
supply frequencypfstkf, in addition to the shaft frequenciék and their sidebands
across the supply frequency componeigt&f,. In this case as the above analysis
showed thafsis more sensitive to the shaft misalignment, its freque&etmponent
and sidebands are extracted from the spectra of therpoe.3f:s, fs+3fis and2f3f;s,

as represented in Figure 7.19

Figure 7.19 (a) shows the misalignment is detected b§fthstarting from the 0.5mm
cases. However it fails to detect the 0.5mm and 0.7auth ¢ases when the system is
unloaded. Meanwhile, poorer power performance is eakie atfs3fi; where
indistinguishable amplitudes are exhibited as showigare 7.19 (h)Nonetheless,
the 2f+3f.3 exhibits performance similar to that of the currennalg at 3X off;s.

(a) Power at 3fr3 (b) Power sideband at fst3fr3 (c) Power sideband at 2fst3fr3
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Figure 718 Power aBf:s, f<+ fi3 and2f+3f.; comparison under different load conditions
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To investigate the response of the open loop contrdentmthe different misalignment
severities, the static data from the drive has beeacgtt and averaged. The main
considered signals are motor current, torque currentponentlq, field current
componentq and torque signals as shown in Figure 7.20. It shovwddith the torque
and torque current componegptescribes a gradual increase with misalignment degree
of severity. As such they can be used for fault clasditin. Nevertheless, the field
current componeri has no clear change related to the fault severitiicbably even
when the misalignment is as small as 0.3mm it can bdyctéstected from both torque
and |4 signals. This shows that the static data has better ségsitian that of the

dynamic data under the open loop operation.

In fact under open-loop mode, there is no speed fe&dbahe drive rather the drive
provides a constan/Hz ratio. In the case of the misalignment an additiémetional

torque is induced. This friction causes additiondicstaad onto the motor which in
turn causes an increase in electromagnetic torque ane coorent in the motor.
Consequently, static torque and current signals are Iikebt to be affected by such

faults.

(b) Torque signal comparison

(a) Current signal comparison
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Figure 719 Static data comparison under different load conditions
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7.4.3Response under Sensorless Mode

In the sensorless control mode, the drive adjusts the suppty parameters based on
the motor speed estimatiowhen a fault occurs the motor electrical and mechanical
parameters will also change. The drive will consequealter the supply fed to the
motor to maintain the speed stable at the referenceetty, this control process
generates more noise from the IGBs on the PWM, meahatgsideband frequency
components of electrical power signals are not eabdgrved. As depicted in Figure
7.21 (a), the current amplitudes at rotor frequehcsidebands do not show any clear
changes correlated with the fault severities. On therdtand, the components at 3X
of frz show identifiable changes at 1.0 mm, as detailedgaré 7.21 (b). However,
severities at and below the 0.7 mm are difficult scdminate. Voltage amplitudes at
these two particular frequency components have alseeshsimilar changes to that of
the current as depicted in Figure 7.21 (c and d).

(a) Current sideband at 3X of fr1 (b) Current sideband at 3X of fr3
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Figure 720 Current and voltage 8¥f.;, and3X f.s under different operating conditions

The power at the characteristic frequencies reletedef,; has also been extracted as
illustrated in Figure 7.22. It shows that rotor freqesef,s of the power spectrum and
its sidebands show changes with the fault severitiesasitalthat of the current and

voltage signals. This shows that it is less possible tacdatel diagnose the small
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misalignment faults under the sensorless mode comparedhaitiof the open loop
mode.

(a) Power at 3fr3 (b) Power sideband at f_*3fr3 (c) Power sideband at 2f +3fr3
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Figure 721 Power af;3, and corresponding sidebands under different operating conditions

To investigate the performance of the static data utidesensorless control mode,
data from the drive was acquired at the same time adyti@mic data was collected
under the sensorless operation. Figure 7.23 shows tlegrsyatiables under different
degrees of severity and loads. It shows that curtgrmymponents and torque signals
vary with the fault severity. This is due to the fewit the motor requires more torque
to recover from the disturbances ensuing from the mgigakent. However, the 0.3 is
not detectable as it is within the permissible misaligriniemts of couplings. This
shows that misalignment has induced a static load intiaddio the dynamic
oscillations. Converselyy is changing, but not however in correlation witle fault
severity. In order to maintain the speed at the éésialue the drive feeds more current
compensating for any disturbances due to misalignmentefine most torque related
signals are changing with the fault severity. In tadyestages of this research a new
cost effective technique utilising data from sensorlesSD¥ for mechanical
misalignment detection has been developed. Polynomiat¢isnbdve been developed
and trained for baseline conditions. In cases of abalities these generate residuals

related to the fault severities, more details of witigh be found in [121].
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(b) Torque signal comparison

(a) Current signal comparison
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Figure 722 Static data response comparison under different operating conditions

To evaluate the performance of the static data coemgenthe differences between
different fault cases to the corresponding baselireeidatalculated in percentage to the
base values of each parameter. Figure 7.24 presentsagsamp results for the
considered static components. As can be seen from thesyrapdurt from the 0.3mm
fault case, the differences between baseline andyfaigihals are clear. These show
that either of the variables can be used for both mgis@ent detection and diagnosis.
Furthermore, the feedback torque signal produces itjfige$t detection capability
particularly when the fault severity is 0.7mm or highélowever, when the
misalignment is as small as 0.5 mm the current signal getesr lletection. Meanwhile
lq has obtained good detection capability for 0.7machlafh mm. Notablylq has shown
the poorest detection ability over the different s#tations. This is understandable as
under the normal operation conditidRss independent of load variation and is rather
aspeed independent variable. Thus it is not highlyerfted by load disturbances due

to misalignments.
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(a) Current signal comparison (b) Torque signal comparison
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Figure 723 Static data performance comparison under different operating conditions

7.5 Conclusions from Misalignment Tests

Static data from sensorless VSDs can be used effectimelgeiection of shaft
misalignment. The strategy developed in this reseancbvel That is static data from
the drive under both the open and sensorless opesagieffectively used to detect and
diagnose different levels of misalignments. Moreover corsparbetween open loop
and sensorless control modes shows that features normallfouseidalignment fault
detection can still be used for systems under the sessadmtrol mode. Additional

conclusions from the misalignment test results can beemdiaviollows:

v' Shaft misalignment creates additional frictions andchestatic loads to the
systems which need more electrical power to overcome it.

v Particularly the torque related variables suchgasirrent and torque signals
show consistent changes correlated with the degreeerfises.

v Static data based misalignment detection outperformottiae dynamic data

and indicates performances close to that of conventidniation analysis.
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Chapter 8

Diagnosis of Lubrication Problems

In this chapter, the results from three common pribblems in industrial gear
transmission systems are presented. Namely, watéaminated oil, oil with different
viscosities and oil leakage represented by diffeodnevels. In each case, the vibratio
signals are firstly analysed in preparation for pamson and benchmarking, followed
by an investigation of the static data from theverio detect any changes consistent
with the faults applied. Finally, the dynamic si¢gmaf current, voltage and power are

investigated based on the feature frequencies fautiteir spectra.

8.1 Introduction

In the following sections results are obtained from tpstformed to investigate the
potential of detecting gearbox oil degradation, ngmeter in oil contamination, oil
with different viscosities and different oil levels, tiansmission systems driven with

sensorless variable speed.
8.2 The Response under Different Fault Conditions

8.2.1Water in Oil Contamination

8.2.1.1Fault Detection Based on Residuals

To examine the performance of the power residual aed tlesponses to water
contaminated oil, signals are treated as explain€&hapter 6 and presented in Figure
8.1 which shows the results from water in oil tests uddfarent operating conditions
Residuals show good performance at 50% speed as shéigure 8.1 (a). That is the
faulty conditions show higher residual values corredpanto fault severity which are
also higher than the pre-set threshold under all tdstats. Residuals at 75% speed
also indicate high performance as shown in Figurel.agart from the 0% load where
some cases revealed values lower than the threshold.velotirese values increased
over time and achieved above the threshold valuehedt00% speed residuals exhibit
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better performance in that they separate the fagksc&rom the threshold. However,
the 4kppm case has lower values than that of the thiceahd at this particular speed
a fault alarm may not raise. This particular case howsvender the 1% of water
content allowed. Therefore, the residual indicative reliable detection results of the
presence and the severity of the water contaminaked oi

Residuals from water in oil tests at 50% speed
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Figure 8.1 Power residuals values under different operating conditions

8.2.1.2Effect of Water on Lube Viscosity

The oil viscosity was measured after each water corgehaihd taken as a reference

for lubrication deterioration. As shown in Figur@ &he viscosity values are presented

at 30°C,35°C, 40°C, 45C, 50°C and 55°C. This is close to the operating tentyera

range measured during tests. Viscosity shows a sligheisefeom that of base oil then

a monotonic decrease with water. However, when webatent is 20kppm, the

viscosity systematically increases with water cotiterhich is slightly different to the
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result published in [129] and [128]. The effectaofery small amount of water is to
decrease the viscosity, up to a certain level i.eratra 20kppm where it starts to
increase due to the interaction of the water drepMiscosity increases to be higher
than the base oil when water content is al3tikppm. It should be noted that this
confirms that the water content was added effectiaelgording to the test design.
Figure 8.2 also shows that temperature has a consideribénce on the viscosity in
which the higher the temperature the lower the visgosit

(a) Viscosity at 30 and 35 °C
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Figure 8.2 Viscosity with different water contents at different temperature values

8.2.1.3Temperature Change during Tests

Figure 8.3 represents the average of the temperdtuneg tests. It shows that oil
temperature is slightly different from one case to aottue to the fact that the
operating temperature is partially dependent on réetyaof other factors beyond
control, e.g. ambient temperature. From the figucart be seen that temperatures start
increasing up to around HH’C where they stabilise while all cases follow the same
trend for the different cases and operating conditidihis will affect the system speed

as shown in Figure 8.4, where the system speed stahiligbg third testing run.
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Therefore, for reliability and accuracy only datanh the last three tests will be
considered. Data is averaged based on the signals frentash three tests and

represented for investigation and analysis.

(a) GB1 Temperature under different loads and 1478 rpm
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Figure 8.3 Temperature comparison during tests
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(a) Tests of 100% Speed under different loads (rpm)
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Figure 8.4 Speed behaviour under different operating conditions

8.2.1.4Diagnosis using Vibration

The vibration signals are processed by time synchroaseging (TSA) to suppress
noise influences, and then the rms values of the reguitymals are calculated to show
the dynamic effect of the water contelRigure 8.5 shows the averaged results of the
last three test runs. It can be seen that the vibréias for different water content
are higher than that of the base line, as the wigigrades the lubrication performances
and causes more friction between the surfaces of meddatig The vibration changes
of GB1 are clearly significant and can be used ticatd the water contamination.
However when the load and speed are at the maxivalmes as indicated in Figure
8.5(I), the 7, 20, 30 and 60kppm show lower vibratevels due to the fact that under
this condition different forces are acting on eachent particularly churning and
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splashing forces in addition to frictional forces aildgueezing which are speed, load
and temperature dependent forces.

(a) Vibration rms at 741 (b) Vibration rms at 741 (c) Vibration rms at 741 (d) Vibration rms at 741
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Figure 8.5 GB1 vibration (rms) under different operating conditions

To further understand the effect of water on theratibn, the subsequent order
spectrum resulting from the TSA procedure have beelysathbasean the second
shaft frequencyf(.). Figure 8.6 (a) presents amplitudes of vibratiomaligt thefm:
mesh frequencies of the GBWvhich is more associated with gear dynamics
Amplitudes of vibration afn; at the high speed stage with low load indicate higher
amplitudes compared with the baseline when the systemdisr uhe full load, see
Figure 8.6 (d, h and I). Particularly under highds the load dependent forces are the
most dominant and the performance of the oil is impotiaiseparate surfaces. The
water damages the oil structure and causes poorer libmiceausing additional

vibration at this frequency component. Thereforés fhrequency component shows
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good performance with water contents at the full Jaathat cases of water show higher
peaks than that of the baseline test case.
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Figure 8.6 GBL1 vibration dt; under different operating conditions

The vibration at the second mesh frequency which ilthepeed stage with high load
also shows higher amplitudes compared with the baselthéhahof the higher speed
stage and exhibits more beneficial behaviour thahdhf,;,as shown in Figure 8.7
This indicates that the high load stage is signifigamfluenced by the change in
lubrication. This is consistent with the theory ttieg support a hydrodynamic oil film
receives is lessened due to the relative velocity tweeshing tooth surfaces changes

its direction at the pitch line. In addition, thesbration changes are consistent with
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that in [15]. This shows that the secdrgimeshing frequency has superior performance
than that of the first mesh frequenfgy in detecting water content faults.
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Figure 8.7 GB1 vibration dt, under different operating conditions

8.2.1.5Diagnosis using Static Control Data

The sensorless VSD adjusts the motor supply parameterglén twr maintain the
system speed at the required value. Any changes dethand or supply are recovered
in stable conditions without a feedback encoder. Waeproblem in the gearbox
lubrication occurs the stability conditions are chahdghe drive’s regulators will
adjust the machine’s supply to compensate for the effects of such oil degradatioon
system speed. Actions of the control system in the drvdéuasther analysed in order
to investigate the potential of detecting waterilrfaults.
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Figure 8.8 shows the average of the current signalseketthe lubricants with different
water contents under different operating conditiofisese results were obtained by
averaging the results from th&,3t" and ' testing runs in (A). Notably current signals
visibly change but are not consistent with water eot#, instead appearing to change
with the oil viscosity particularly under low load abtions, i.e. 0% load and at
different applied speeds as shown in figure 8.8 (aegnMeanwhile when the system
is loaded current signals decrease with rising wateteats This behaviour indicates

that the current rms signal may not be suitable for tetewater contamination.
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Figure 8.8 Current static data comparison

The terminal voltage, indicated in Figure 8.9, shdwgher values in most fault
circumstances compared with the baseline and exhuperier behaviour than that of
the current signal, reflecting the good performarfdd® base oil in reducing friction.

When water was added to the oil at the levels of #kppd 7kppm the viscosity values
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increased and lead to more churning losses, particaldidy and moderate loads. This
means that more power is requdrto overcome these lessand maintain constant
speed operation. Therefore the voltage shows highleevdor these cases. The
viscosity of the 20kppm test case has closer value tafhhe base oil, and hence in
most test conditions required similar voltage values. hewehe 30kppm case shows
the highest voltage values in most cases due to offemtsesuch as increased oill
squeezing and churning losses in addition to pooreichtion and hence higher
frictional forces. For the 60kppm case, the viscositynuch higher than the base oil
and the effect of viscosity appears to be above thail sfjueezing, leading to lower
voltage values than that of the 30kppm case.
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Figure 8.9 Terminal voltage static data comparison
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The corresponding power consumption characteristicsgeaatly reflected by the

voltage behaviours as indicated in Figure 8.10. Ireress the power consumption
shows better consistency with changes of the oil viscasiff6 load, as depicted in
Figure 8.10 (a, €, i), where the load dependeneptygses in the gearbox are minimal,
i.e. frictional losses, and the load independent pdogses are maximal, i.e. churning
and splashing losses. However for moderated speeds @ ilea 50 and 75% speed
and under 30 and 70% load the power consumptios doeshow consistent changes
with viscosity. This can be explained due to the ieterice of both independent and
dependent power losses under these particular opecatnggions. Nonetheless, under
moderate loads and speeds it seems that the load indepgudver losses are more

dominant than load dependent losses.

While under full load operating conditions, as showrkigure 8.10 (d, h and 1), the
power feature components show poor performance irctiiggewater contents, more
greatly reflecting current behaviours than voltayfaen the motor is at the rated speed
and under the full load conditions, the maximum toreguerovided. The VSD
regulators adjust both voltage and current to keepiging sufficient electromagnetic
torque to the system. This may include lowering thiel foeirrent component to meet
the additional power from frictional forces resultingm the fault. Therefore power

consumption characteristics are reflected by the ousignals under these conditions.
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(a) Power at 50% speed (b) Power at 50% speed (c) Power at 50% speed (d) Power at 50% speed
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Figure 810 Power static data comparison

8.2.1.6Diagnosis using Dynamic Data of Electrical Power

The dynamic data has been also investigated to andigsénfluence of the oll
contamination with water on the dynamic behavioutha electrical power supply
under the sensorless SD. The spectra of current, vadtagecorresponding power
signals are calculated and the amplitudes at frequesraponents related to the GB1,
i.e.fr1, fi2, frs and corresponding harmonics and sidebands are exarkioedver, here
only the electrical power components are presents. @tveer supply parameters are
presented in the Appendix III.

It is worth mentioning that both;, andf;s are connected with couplings and they are
influenced by them. However tests were performed withffacting the misalignment

conditions, as explained earlier in chapter 4, laoith f.; andf,s may indicate for the
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health of the oil inside the gearbox as they areeoted to the gears. In the presented
results both amplitudes at the left and right sidebamebtained and averaged for

more reliable analysis and greater accuracy.

The dynamic components of power signals have also ingestigated. Figure 81
represents the power & {1). It exhibitsgoodperformance in detecting water contents.
The power at this frequency component shows more vigsibBnges with water
contents than those from the current and voltage sigAalpendix lll, indicating the
potential of usingt for diagnosis. It also indicates that at the lower seedisclosed
in Figure 811 (a), the separation between the different casesas, @g&cept for the 7
ppm and 30kppm cases. The 7kppm has the lowest viscosibyeand higher frictional
forces and greater oscillations which increase moreesu#t of the presence of water.
On the other hand the 30kppm has the highest viscosityhamce a thicker oil fih
meaning less frictional forces is generated. Howewerésult remains over the base
line as the performance of the 30kppm is much less ttratnof the base oil due to

water.

Moreover the detection performance decreases as the sgechincreases, although
results show that the base oil has the lowest oscillatidns.can be explained due to
the fact that the higher the speed the more mass cesulath gears resulting ia

greater level of oscillation and also more noise fronclwirning and splashing.

« 10,3(a) Power at f_-f , and 741 rom « 1O,éb) Power at f-f | and 1107 rpm (c) Power at f-f, and 1474 rpm
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Figure 811 Power atf¢. fr1) frequency component comparison
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8.2.2Different Oil Viscosities

8.2.2.1Viscosity Measurement Results

The viscosity of each type of oil was measured before tékis.measurement wa
conducted based @rotary viscometer test method. Further details on theodetked
can be found in Appendix Il. The results are given aabmolute dynamic viscosity in
centipoise (cP). As represented in Fig8re2 differences in viscosity values are clear

between tested oils and become smaller as temperaturesggrea

Viscosities at different Temperature
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Figure 812 Viscosity values of tested oils at different temperatures

8.2.2.2Influence of Temperature

To examine the influence of temperature when diffeodrviscosities are used, signals
from the lubricant temperature sensors in GB1 and GB2wrcessed to obtain their
static feature values. Figugl3 shows temperature measurements against testing run
numbers under different operating conditions. tt ba seen that temperature in GB1
and GB2 increases gradually and reachstsible state by thé%est when the system
stabilied This is consistent with results from the previous sactnd also with tests

performed in chapter 4.

Notably differences in temperature values betweenerdifit lubricants in GB1

represerdd the viscosity values. This result agrees with theory intigher viscosity
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is held to increase the internal oil friction and d¢eenncrease the temperature. In
addition, the similarity of temperature trends in GB?\sh that tests were conducted
with good consistency between different tests, afijicindicating that the churning
loss is much more significant than the frictional lossweler, test number 5 showas
clear temperature drop for the EP 1000 oil test casa Wieespeed is full, as clear in
Figure 813 (a), indicating instability due either to lubri¢anside the gear or ambient

temperature effects.

Based on these observations, it can be concluded thatirageents from the'SBand
4™ test runs have less transient effects and are more $tal#xamining the effect of
lube viscosity accurately; hence for this test the tegdm the 3 and 4" testing runs

have been averaged and presented for analysis and isdaghis section.

(a) GB1 Temperature under different loads and 1478 rpm (b) GB2 Temperature under different loads and 1478 rpm
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Figure 813 Temperature values under different operating conditions during tests
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Speed values during tests have also been recordedvaray@d as shown in Figure
8.14 It shows the same behaviours explained in chapterwelaas that of the water

in oil tests, in that the system is stabilised from tRee®ting runs. The figure also
shows that there was no considerable effect made ondtersgpeed by changing the
viscosity. The drive forces the induction motor supmyameters to maintain speed
stability at the reference.

(a) Tests of 100% Speed under different loads (rpm)
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(b) Tests of 75% Speed under different loads (rpm)
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Figure 814 Speed comparison under different operating conditions

8.2.2.3Fault Detection Based on Residuals

Power residuals have been examined for detectingtbildifferent viscosities. Figure
8.15shows these residuals under different operating conditirhe residuals indicated
superior performance to that of the water content caSegslifferent cases were

detected and showed values higher than the threshadefore an alarm signal would
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be raised whenever the residual value exceeds ttshtideand further analysis would
be needed for diagnosing the fault.

(a) Residuals from viscosity tests at 50% speed
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Figure 815 Power residuals values under different operating conditions

8.2.2.4Diagnosis using Vibration

To study the effect of oil viscosity on the gearbalration, the rms values of the
vibration signals from GB1 TSA are presented in Figlii®. As clear from Figure

8.20 vibration levels in GB1 are varied accordinghe viscosity tested. The lowest
vibration is from the EP320, describing the performancénefdesign criteria used
when selecting the viscosity. The EP100 which is tinesb oil viscosity shows the
highest vibration levels under different speed ardl loonditions. This is due to the
fact that lower oil viscosity leads to thinner film tkmess and greater friction which
causes higher vibration levels. However, detailed amalyf the vibration signals is

needed to understand the oil viscosity change effectseonibration signals for fault
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detection and diagnosis. Therefore in the followthg meshing frequency related
features are extracted for more detailed analysis.

(a) Vibration rms at 741 rpm (b) Vibration rms at 1108 rpm (c) Vibration rms at 1474 rpm
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Figure 816 Vibration comparison under different operating conditions

The vibration at thés: is shown in Figur®.17. Vibration at this frequency component
changes with viscosity. Again, at this frequency conepdnEP320 has the lowest
vibration in almost all cases showing better lubricapenformance than other oils.
Additionally, the EP 100 shows the highest vibratiorelswat most cases showing that
the damping ratio has decreased with viscosity consigigimtthe findings in [126].
However, in general the trend of vibration changéhe frequency cannot be easily
correlated with viscosity, which agrees with the findofgl71]. The second meshing
frequency componefitohas also been also examined against different oil tiise

8.18shows this frequency component.

(a) Vibration at fm1 at 741 rpm (b) Vibration at fml at 1108 rpm (c) Vibration at fm]. at 1474 rpm
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Figure 817 Vibration atfm; comparison under different operating conditions
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Thefn, frequency represents the lower frequency side anckltae higher load torque.
Changes of vibration at this frequency cannot bestated with the viscosity change.
The EP320 shows lowest vibration at this frequencyentiie EP 100 indicates the
highest. On the other hand the EP1000 directed theskowbration values in most

cases indicating the damping effects of the viscosity.

(a) Vibration at fm1 at 741 rpm (b) Vibration at fml at 1108 rpm (c) Vibration at fml at 1474 rpm
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Figure 818 Vibration atf,, comparison under different operating conditions

To conclude, the general vibration trend investidaieing rms values comparison
shows that the lower the viscosity the higher the vidmatHowever, the EP320
indicates the lowest vibration levels as it is the resulh@fdesign criteria. On balance
however analysis of vibration signals shows that itissimple to correlate vibration

changes with viscosity changes.

8.2.2.5Diagnosis using Static Control Data

To analyse the performance of the current signal baisete static data provided by
the drive, the averaged results from tffeaBd 4" testing runs have been calculated. As
depicted in Figuré.19 (a-c), the current signal changes slightly due to tiseosity
change. To obtain more detailed understanding, diffes to the EP100 currents have
been implemented and are illustrated in Figui® (d-f).

It shows that the lowest current is from the EP100 oiltaeccurrent values increase

mostly with viscosity. This indicates that the churniogses are the dominant losses,

in which an increase in oil viscosity leads the driveptovide more current to
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compensate the losses from viscosity related power. Nolycesdoler the full load and
100% full speed, the current signal from the EP650fadis. Despite the fact that
changes in the current static data represent theetitfes in viscosity in some cases,
particularly under low loads, it fails to indicatasthielationship in most other cases,

therefore it cannot be used for detecting and disiggooil viscosity changes.
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Figure 819 Current static data comparison

Figure 820 (a-c) shows the terminal voltage signals as obtained frexdtive. The
voltage signals show slight changes due to oil viscositiatron. Similar to the current
signals, the variations between different oils testec leeen made in relation to the
EP100 oil as represented in Figur2(d-f).

This shows that terminal voltage static data exhibpesar performance to the current
data, in that it reflects the power needs for maintgirthe system speed. This is
particularly clear when the system is at the 100%dspédeere the power losses due to
churning are maximal. Additionally under the full thavhere the frictional forces are
at maximum the role of viscosity is important to form dhlefilm. However, voltage

signals are influenced by the control system anddddedescribe clearly the changes

in the oil viscosity and hence cannot be used for vigcobdnge detection.
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(a) Voltage at 50% speed (b) Voltage at 75% speed (c) Voltage at 100% speed
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Figure 820 Terminal voltage static data comparison

The corresponding power consumption characteristicsatelimproved performance
in detecting viscosity changes, as shown in Figi2g &igure 821 (a-c) represents the
power static data from the drive while Figure 8.25)(dresents the disparities between
different cases to the EP100 oil.

Power consumption exhibitsxiceable changes with viscosity indicating the posnt
of using this for diagnosis. As clear from Figure 8(8%), the motor speed has a
significant effect, in which the higher the speedrtittze mass circulates with gears and
hence more oscillations and increased power is requiiteel.mass formed around
rotating gears depends on the oil properties, partigutlensity and viscosity. The
inertia of the rotating shaft also changes as the vigcdsanges, resulting in changes
in the power with viscosity.

Particularly under full speed operating conditionshasvn in Figure &1 (f), the static
power feature showed good performance where the lelated power losses are
minimal and losses are mainly from viscosity related propeffies VSD regulators
adjust both voltage and current to maintain provissrsufficient electromagnetic

torque to the system compensating for these power lossesefdite power
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consumption characteristics are reflected by losses filowsoosity under full speed
conditions. On the other hand at lower speed theepsignals are more influenced by
the control actions and the load related power loddesce the power components

showed poorer diagnosis performance than that whesy#tem at the full speed.
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Figure 821 Power static data comparison

The static data of the electromagnetic torque hasddsennvestigated. Figure2 (a-

c) shows the averaged electromagnetic torque as edlirfrai@ the drive under
different operating conditions. Figu&22 (d-f) presents the differences in torque
signals which is made to the torque from the EP100 oihtpstins.

The torque signals show superior performance to thogkeo$tatic components of
power signals. The torque signal changes with oil viscasityrepresents the viscosity
values, specifically at moderate speed, i.e. 75% spededct at moderate speed the
fluctuation is balanced between frictional forces apthshing disturbances. Also,
when the speed is full the drive runs the motor infifld weakening mode where the
torque is influenced by the lowering of the fieldirent component and the behaviours
of the voltage changes. On the other hand, at lowdsfheetorque is more likely to
oscillate depending on the speed estimation. It is welwknthat at low speeds most
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speed estimators suffer from stability problems due tolthege of motor parameters.
The dynamic performance of the drive during a low speedje is most likely to
deteriorate. Merefore, changes in the torque represent the ditfesein oil viscosities

at 75% speed. This makes it more suitable to diagnosgesamoil viscosities.

(a) Torque at 50% speed (b) Torque at 75% speed (c) Torque at 100% speed
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Figure 822 Torque static data comparison

8.2.2.6Diagnosis using Dynamic Data of Electrical Power

The spectra of electrical power supply parametersjaleage, current and power have
been calculated for investigating the potential ©ihg them for oil viscosity changes.
Amplitudes at both right and left sidebands of thef» andfs have been averaged.
The performance of both current and voltage signalsvestiqpoor performance in

detecting oil viscosity changes and their results aresepted in appendix IV

On the other hand, Amplitudes at characteristic fraquecomponents from the
electrical power supply spectra have superior performandiagnosing oil viscosity
changes. Figure 8.23 displays the feature frequenclatedeto f1, particulaty
sidebands at the shaft frequenéyg: {:1). As clear from the figure, sidebands at this

specific frequency component do not show clear chamgegation to viscosity.
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(a) Power at fr1 sidebands under (b) Power at fﬂ sidebands under (c) Power at f” sidebands under

different loads and at 741 rpm different loads and at 1108 rpm different loads and at 1474 rpm
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Figure 823 Amplitudes of power &t; sidebands

As shown in Figure 24, the power a®f; exhibits visible changes with viscosity,
indicating the potential of using them for diagnosisal#o shows that speed has a
significant effect, where an increase in speed mearngsrtbe mass circulates with
gears leading to greater oscillations. When gear pdiaserca large quantity of oil
circulates with the gear motion and amount of oifed increases with the speed. This
effect will decrease the oil level in the gearbosergoir and consequently lowers the
damping effect of the mass removed. Meanwhile, the mas®tbis highly dependent
on oil properties, particularly viscosity and densitiye&ffective moment of inertia can
also vary as the shape of the rotating oil is notegdsf uniform due to the inherent
eccentricity and unbalanced mass. This generatestorsienal oscillations at the shaft
frequency which then modulate the supply componetiteopower system. However,
the second and third shaft frequency components staistimguishable changes with

viscosity, as depicted in Appendix IV.

a) Power at 2f _ under b) Power at 2f _ under c) Power at 2f _ under
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Figure 824 Amplitudes of power af;

The performance of the power at tBé: frequency component is measured by

calculating the differences between different caselsthe EP100 oil test data. The
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results are presented as a percentage to the ratedpouater, i.e. 15kW. Figure 85

shows the results of this comparison. The performance ©frégguency component
shows good separation at 50% and 100% of the full sptmtever, at the 100% speed
it fails to separate the EP320 and the EP100 when tlkeiso200%. This can be

explained due to the noise generated from the aifrshg and the influence of
temperature.

(a) Performance comparison of (b) Performance comparison of (c) Performance comparison of
the power at 2fr1 at 741 rpm the power at 2fr1 at 1108 rpm the power at 2fr1 at 1474 rpm
0.12 0.12 0.12
—8—EP100 g Jor
________ -
04} | e EPS20 R P <l = 0l X
9 - © - EP650 < ol I N
T 0.08 | | ==%-=EP1000 D 0.08 ol T 0.08 Lo~ \
2 —% 2 e -9 o3 - @ N
§ ool o ol— S & - Rt R S . SN
5 0.064-—" S006[ 0 e T £ 0.06¢ N N
C === 0-- =9 = / s s R R RN
S 00agp = 7o L - v g 0041‘ IR 4 S o0 RN b S
£ \a g 7 g “ T d
0.02 0.02¢ 0.02
o o o a o). 4 o o o o o X
0 30 70 100 0 30 70 100 0 30 70 100
Load (%) Load (%) Load (%)

Figure 825 Amplitudes of power af;;

8.2.3Lube Oil Level Tests

Lubricants leakage in industrial gearboxes is a w&amymon problem in industry.

Leakage is normally visually investigated in periodizases. This is time consuming
and the efficiency of such investigation relies on timeervals between each

investigation and another. There is therefore sigmitimeed for a reliable and cost
effective lube leakage detection. Lube level test® Heeen performed as explained in
Chapter 4. In the following, features from electricad aontrol parameters are studied
to investigate the potential for detecting oil legdgproblems in industrial gearbox

transmission systems. The vibration signals are analysely fiostthe purpose of
benchmarking and comparison.

8.2.3.1Fault Detection Based on Residuals

The detection scheme based on the power residuals texleiiective detection
performance under different operating conditions asictEp in Figure &6.

Particularly at the full speed residuals were ablkefmarate fault cases as they all have
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values greater than the threshold. Additionally thlsy indicate for the fault severity

as they increase with fault. However, under 0% lo&faind 75% speed they revealed
a lower level of performance.

(a) Residuals from oil level tests at 50% speed
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Figure 826 Power residuals values under different operating conditions

8.2.3.2Change of Temperature with Different Oil Levels

The temperature of the oil inside the gearbox is cagdtduring tests and averaged for
each test cycle. Figure & represents the average temperature of the oil indglle G
under different operating conditions. It shows thattlae oil level decreased the
temperature also reduced. This can be explained asult of diminished internal
friction in the oil which thus generates a lower terapgre. System speed has been also
investigated during tests as shown in Figugs3.
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(a) GB1 Temperature under different loads and 1478 rpm
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Figure 827 Temperature change under different oil level and operating conditions

The same speed behaviours explained in Chapter 4 aatedphere in Figure 8.28
The system speed is stabilised by the third test run whereemperature also begins
to stabilise. Therefore, the results from the last thests are considered in the

following for analysis and investigation.
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(a) Tests of 100% Speed under different loads (rpm)
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(b) Tests of 75% Speed under different loads (rpm)
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Figure 828 Temperature change under different oil level andaip® conditions

8.2.3.3Diagnosis using Vibration Analysis

The averaged GB1 rms vibration signal after beinggssed with the TSA scheme is
presented in Figure . Except br the increase in the vibration levels under higher
load conditions and at 100% speed, no significant asogn be seen in the vibration

signals.
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(a) GB1 vibration under (b) GB1 vibration under (c) GB1 vibration under

different loads and at 741 rpm different loads and at 1108 rpm different loads and at 1475 rpm
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Figure 829 GB1 rms vibration signal under different operating conditions

To analyse the vibration signals further, the meshieguencies have been calculated.
Figure 830 illustrates the averaged first meshing frequency fraavthration signals
after processing with the TSA scheme. The vibratiomeaf.t frequency component
shows changes similar to that of the rms vibration sigi@ianges of the vibration
signals affim1 can be correlated with the oil level and hence oabe used for level

change detection.

(a) Vibration at fm1 and at 741 rpm (b) Vibration at fm1 and at 1108 rpm (c) Vibration at fm1 and at 1475 rpm
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Figure 830 Vibration atfm; frequency component

The second meshing frequency component was also investigkigure 81

represents the vibration signals comparison at thisiérecy component. Similarly,
changes diml cannot be correlated with the level changes andrmaglge used for oll
level detection. This analysis shows that it may be ditfito detect small oil level

changes using vibration signals due to leakage or exo in gearboxes.
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(@) Vibration at f_, at 741 rpm

(b) Vibration at f_, at 1108 rpm

(c) Vibration at f_, at 1475 rpm
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Figure 831 Vibration atfm; frequency component

8.2.3.4Diagnosis using Static Data

Static data of the current signals as obtained fieedtive are represented in Figure
8.32 Figure 832 (ac) indicates the averaged current under differgmerating
conditions, and Figure 8 (d-f) shows the differences in current between diffetesit
cases and the corresponding baseline data. The siatmooent of the static current
drops as the oil level decreases. This can be explamedadthe reduction in oil
churning losses. However, when the load is high, tletidnal forces are also high
which requires more power if the oil film is not suiist and hence requires more

current to compensate for these forces.

(a) Current at 50% speed

(b) Current at 75% speed

(c) Current at 100% speed
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Figure 832 Current static data from the drive
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The corresponding voltage static data have also d#amed and represented in Figure
8.33 The static component of the voltage data displays airbghaviours to that of
current static data. However, as can be seen ind-8838 (f) when the load is 100%
the voltage signal of the LL-600 is higher than tbhthe baseline which may be
explained due to the noise produced from oil splashing.

(a) Voltage at 50% speed (b) Voltage at 75% speed (c) Voltage at 100% speed
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Figure 833 Voltage static data from the drive
The static data of the electrical power from theelailso shows changes that reflect the
oil churning and splashing losses as presented in F&j84e The power generally
decreases with the oil level. The amount of the enthaved decreases the churning
power losses; hence the static power reduces as theolewil drops. However this

shows that current, voltage and power static data miagenosed for oil level change
detection.
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(a) Power at 50% speed (b) Power at 75% speed (c) Power at 100% speed
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Figure 834 Power static data from the drive

Torque signals have also been acquired to investityaie potential for detecting
changes in oil level. Figure3b illustrates changes of the torque signal under different
operating conditions. When the system speed is lowy&®85 (a, b) shows that most
oscillations result from oil churning and splashing hedce the power will decrease
as the oil level lowers. However under full load thetional forces are maximal which
increases the fluctuations as a lower oil level caastsnner oil film. On the other
hand, at the full speed as shown in FiguBb@), and particularly when the load is as
high as 70% and 100%, frictional forces increase cgugreater load torque
fluctuations. This explains the need for the drivge¢nerate more torque to compensate
for such oscillations. However changes in the statmemonent of the torque signal may
not be useful for oil level change detection. Thrgue current component also shows
changes similar to that of the torque signal, detafesppendix V.
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(a) Torque at 50% speed (b) Torque at 75% speed (c) Torque at 100% speed
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Figure 835 Torque static data from the drive

8.2.3.5Detection using Dynamic Data

The features from the current, voltage and power spdw@ve been calculated to
investigate if any changes consistent with oil lebelrgge can be detected. The left and
right sidebands of each shaft frequency componerg begn calculated and averaged.
Both current and voltage signals showed indistingohchanges with oil levels. Only
analysis of the electrical power spectra is represdmes] while results from current

and voltage analysis are represented in Appendix V.

The power amplitudes at the double shaft frequencypooent2f; show notable
changes with different oil levels as depicted in Feg886. Changes of power at this
particular frequency component therefore can be fosel level change detection and
diagnosis. The power results from both voltage andentirrand hence it shows
enhanced performance in comparison with either whensmdess variable speed drive
is in the control loop. The level of noise in currant voltage signals due to the drive
prevents such changes from being visible in either. Comighsthese changes can be
clarified in the power spectra as it contains more ueegies resulting from the
multiplication.
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Despite the performance of this frequency componentillasgeed and under 100%
load it is influenced by noise as shown in FiguB68c). However it exhibits effective

performance at other speed and load ranges particatartyoderate speed, such as
75%, as shown in Figure3s (b).

(a) Power at 2fr1 under (b) Power at 2frl under (c) Power at 2frl under
different loads and at 741 rpm different loads and at 1108 rpm different loads and at 1475 rpm
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Figure 836 Power aR f;; frequency component

In conclusion, oil level tests show that vibration as asltlynamic features of current
and voltage signals have poor performance in detedtibgcating shortages in
gearboxes. A similar assessment can be made for torqudated terque components,
while the static features of voltage and the consdqeewmer showed good performance
at the full speed range. On the other hand the dynfaature of the power signals at
the 2f;1 frequency component showed consistent change wiitlewals at different
speed ranges and under different loads.

8.2.4Conclusions from the Oil Degradation Tests

8.2.4.1Conclusions from the water in oil test
Results from water contaminated oil test can be conclusiéallaws:

v The study showed promising results in detecting gearbbxichnt water
contamination based on power supply parameters.

v Results show that viscosity decreases when a small portigatef (<20kppm)
is added to the gear oil whigdarge portion of water increases the viscosity.

v/ Water contamination can be measurable using the ptatier supply parameters
including the voltage and power.
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v Results have been supported by vibration response analylsat the vibration
responses at the high load stage indicate significaimtijar change due to water
contents to that of the dynamic components of tiveepsupply parameters.

v' Power component &tf.; exhibits good response to different water conterds an
can be used for diagnosing this particular fault.

v The static components of torque related variablesvstigpoor performance in

diagnosing this particular fault.

8.2.4.2Conclusions from different oil viscosity tests

Conclusions from oil viscosity tests can be outlined dsvist

v/ Change in ail viscosity due to oil degradation causesesponding changes in
both the static power consumption and the dynamic hetmawef a gearbox
transmission system

v' The increase in oil viscosity leads to a measurablecase in the power
consumptions due to the effect of viscous friction andhailrning.

v Simultaneously, the effect also changes the dynamidseofi@ar transmission
system. That it leads to higher oscillations in the ratasgstem, which is
eventually reflected by increasing sidebands ardbadupply frequency.

v’ The static power feature can show viscosity changesatbr at low and
moderate speeds.

v The features of the torque component and the consedaejue current
component show superior detection performance at mod&z&€) of the full
speed under the entire tested loads.

v The dynamic feature of the power, i.e. amplitude2ft, can distinguish
viscosities at all tested speed and load ranges.

v' Vibration signals, in comparison, show less effective perémces than that of

electrical and control parameters in detecting lubeosity changes.

8.2.4.3Conclusions from lubrication shortage tests

The conclusions from lubrication shortage tests can lmersuizedasfollows:
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v" Vibration as well as dynamic features of current arlthge signals indicate low
performance in diagnosing lubrication shortages in geagox

v’ This can also be observed for torque and related t@moumeonents.

v’ Static features of the voltage showed high performanttedull speed range.

v' The dynamic feature of the power signal®fat frequency component shows
consistent change with oil levels at different speedjes under different loads.

v The static components can be employed to differentiateeen oil viscosity
changes and less lubrication faults. That is the statirie component shows
changes with the oil viscosity at the moderate speet wb changes can be
seen when less lubrication problems occur. Also statitag®el and power

components increase with decreasing lube levels.
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Chapter 9

Conclusions and Future Work

This chapter summarises and presents the key ceinonkiarising from this study. This
commences with a summary of the objectives, anagygtion of how objectives were
achieved and the key conclusions arising from tleisearch. This is followed by a
summaryof the author’s key contributions to knowledgandthe novel aspects of the
research undertaken. Finally recommendations aenf@ future research avenues
in remote condition monitoring of gear transmissiegstems and for further

improvements of the schemes developed in thisshesi

9.1 Objectives and Achievements

The primary aim of this research was o discover the diagnostic information from
data available at the sensorless AC induction mugIDs. It further seeks to identify
the potential of developing a new cost effectivel aaliable approach for condition
monitoring of mechanical systems by using informatiand signals available in
sensorless ACIM VSDs for fault detection and diagiao The work includes the
development of a mechanical fault detection techaifgased on the control system

incorporated by the sensorless VSD

This central aim was achieved through an experimenidi/dtased on an induction
motor driven mechanical transmission system with a staraemngnercial sensorless
variable speed drive. Four different common faultssvegrplied with different degrees
of severities. A new power residual based fault detectolheme was developed based
on observers normally utilised by the drive for conprotposes. Residual data was
found to be effective in detecting faults underetiéint speed and load conditions. Both
dynamic and static data, used by the drive to contmlrtluction motor, was utilised
to perform diagnostic tests. A conventional fault di&bec method, i.e. vibration
analysis has been used in parallel for comparison andhimamking purposes.

In the following a summary of the objectives and teg kchievements achievey
this research is clarified by following that setup in fleal respectively:
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Objective 1. To develop an observer based fault detection schened s the
available observers in sensorless VSDs.

Achievement 1. MRAS speed and flux observers, which are normally usecbiatrol

purposes, have been implemented. The observers are usential purposes and to
generate power residuals simultaneously. The resider& generated so that they less
influenced by parameters change and load effectsewhitre sensitive to faults.
Chapter 6 details the observers developed and the relstaiseal.

Objective 2. To investigate residuals generation scheme from theeslajesd
observers to detect common mechanical fault under eliffexperation conditions.

Achievement 2.The performance of the developed residuals have bgenigentally

investigated. Sets of common faults in degrees tym€aduch faults in industrial
situations have been experimentally simulated. Theeldped residuals showed
superior performance in detecting the tested faultspteh&7 and 8 details on the
experimental results obtained.

Objective 3. To investigate/evaluate the diagnostic capability tlé available
information in the sensorless VSOdis includes an effective data analysis scheme to
explore the potential for detecting the mechanialt$ without the need for additional
resources

Achievement 3. Spectrum analysis was conducted on the power supplhalsign

(current, voltage and power) while a systematic coraparwvas made for static data
analysis. Results enabled the comparison between thdialefeerformances in both

open loop and sensorless operating control modes. Adlditjo static components

from the drive were examined for potential to usingnthin fault detection and

diagnosis. Chapter 7 and Chapter 8 discussed in deatiorresponding results from
different tests applied.

Objective 4. To replicate common mechanical faultsgear transmission systems
driven with industrial sensorless VSDs. Faults are in @sgigpical of such faults in

industrial situations.

Achievement 4.Four types of common mechanical faults in gear transmisgstems

were simulated. Namely shaft misalignment, water contatesh oil, oil viscosity

198



changes and lubrication shortages. All faults apphetkegrees typical to such faults in
industry. AlImost all these faults have not been detkpteviously using the sensorless
VSDs’ control dynamic and static components. The results are discussed in details in
Chapter 7 and Chapter 8.

Objective 5. To perform a literature review and establish the mpheevidence and
knowledge gaps in relation to the application oftomnsystem for the detection of

mechanical faults within driven mechanical systems.

Achievement 5.An extensive literature review of related studies wasducted to

establish the theoretical developments and evidentted field. Chapter 2 includes a
critical discussion of key studies in this area. Adddibn the review extended to the
common mechanical fault that typical in industry. Ressfrom the review influenced
the focus of this study to address issues and gap in theddgevidentified. A unique
and significant theoretical contribution knowledges been made.

Objective 6. To theoretically study the response of the IM VSD in tase of
mechanical load oscillations using induction motor and VSD’s models.

Achievement 6. The ready to use modules facilitated by the Simuli#TLab

programme were used to study the induction motor \Wighsensorless variable speed
drive. The rig’s motor and the drive data were loaded into the model and a series of
runs were performed under different speed and loaditimms. The model is used to
examine the performance of the control system underreiiffefault conditions.
Oscillations are induced in the load torque and thgaese of the model were analysed.
Both dynamic and static responses indicated changes ocednfmathat of the normal

operations. The model, its verifications and resultslatailed in Chapter.5

9.2 Conclusions

This research investigated the sensorless variable spbedidigr in the case of
mechanical fault in the driven systems. The key conclgsimm this study can be

summarised as follows:

1. Sensorless variable speed drives are mcimformation that can be utilised to

indicate the health of the system.
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2. A new online fault detection scheme has been develbpsed on sensorless speed
control observers.

3. The developed scheme ascost effective in that observers which are normally
employed for control systems are utilized simultaneousfjeteerate the residuals
Therefore no additional resources are required.

4. Robust power residuals have been generated from theoged schemeThe
generated power residuals have succeddeatdifferentiate different mechanical
faults and separate the fault cases from the healthy.

5. A set of static data in a sensorless VSD has ledfectively utilised for fault
diagnosis.

6. Shaft misalignment and gear oil degradation, i.eem@intaminated oil, lubrication
shortage and lubrication viscosity changes, fdaée been detected and diagnosed

using power supply and control data.

9.3 Novelty and Contribution to the Knowledge

This research has led to a number of novel developnretiie subject that have not
considered by previous researchers. For clarificatieynkvel aspects are summarized
as follows:

The development of power residuals utilising VSD speed and torque observenelg ent
novel. The residuals are based on the differences between measured anedegtimwers.
No research found until the time of writing has developed such residsals ®aobservers
utilised for speed control purposes. Additionally, the developed residugisoaessed in
that they are decoupled from the load disturbances and parameteacgcdure curve
fitting method used is not new in itself, however it is entirely ndeebpply it for
decoupling the power residuals from load disturbances and induction motor parameter
changes.

Moreover, although the use of residuals in fault detection is not new, the pseverf
residuals for detecting mechanical faults in a driven mechama@drission system is
entirely novel. The developed power residuals are capHbdetecting the mechanical

faults tested under different operating conditions.
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Other important novel aspects presented in this research is the deéectidiagnosis of
four different mechanical faults in mechanical transmission sgsteémier sensorless
VSDs. For instance, the mechanical shaft misalignments with difféegrees of severities
have been detected and diagnosed utilised pure static data from thdldnwerk has been
found describing in any detail the detection and diagnosing shaft misalignmesisgutil
static control data under sensorless VSDs.

Moreover, incorporating static data with dynamic data availalderetorless VSDs is also
entirely novel. No literature has been found which has used the developetk dudmed

on the combination of dynamic and static data to detect the mechanical faults.

The detection and diagnosis of three different types of oil degradating power and
control parameters @&other important contribution and is entirely novel. Three different
types of oil degradation were detected and diagnosed under sensorless ystetr,S.e.
water contaminated gear oil, lubrication oil viscosity changes andtéddion oil level
changes have been successfully detected and fault cases sepanatibe thealthy cases
using the developed strategy. No work has been found describing, in any detail, the
detection and diagnosing such oil faults using electrical power supply parsaiedéor

static control data under sensorless VSDs.

9.4 Recommendations for Future Work

» Recommendation One:

To further examine the sensitivity and reliability of the developed poese&duals, it is
recommended to conduct additional experimental research. The experimerita
should include other mechanical fault types with different degrees of severities.

» Recommendation Two:

Investigate the possibility of developing adaptive dynamic thresholdsamahelp
perform more effective fault identification processes and awtsa fault alarms. The
investigated signals showed very small changes and hence more advanced and reliable
schemes can provide a basis for improving the threshold setting method.

» Recommendation Three:

Based on the results from this study demonstrated, the developed schemes can b

enhanced by obtaining more detailed information about the drive used. qhiiese
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communication with the drive manufacturers as they limit the knowledneded on
the drive design details due to commercial issié&és may help in improving the
performance of static data in fault detection.
» Recommendation Four:
Results from this research showed significant potential for incorpotagndetection
of oil degradation problems online. It is recommended to develop an algdatbea
oil degradation scheme that can be employed with the drive ceyst@m. Signals
used for the developed schemes already exist at the drive and no nadditional
resources in the drive. Again this requires communication with the mameiaas
access to the exceptionally low programming level of the drive is needed.
» Recommendation Five:
This study is performed based on conventional spectral analysis of idytatia and
systematic comparisons of the static data. It is believed thatvaluable information
can be extracted if other advanced signal processing schemes are used.yThis ma
include the use of modulation signal bispectrum (MSB), wavelet and tegadncy
analysis. Techniques such as neural networks, fuzzy logic and intelligiictaar
systems can further be applied to analyse the static data refpomsensorless VSDs.
» Recommendation Six:
Further experimental work is recommended to investigate the respontee of
sensorless VSD to combined mechanical faldltés will also form an important step
for evaluating the performance of the developed power residuals mirthismstance.
Combined faults such as gear tooth breakage together with misalignmentitgr f
couplings can be a challenging task as they both modulate the electriealgigmals
at the shaft frequency components, while their static features remain obscure.
» Recommendation Seven
Observers developed showed poor performance in onlyliv@tgd cases.
Therefore this should be a priority for further depenent.
» Recommendation Eight
Observers have been designed to maintain features inlaendycomponents of
the flux and torque. It would therefore be worthieho examine the response of

these two dynamic signals under different operatingitong.
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Appendix A
Time Synchronous Averaging (TSA)

The TSA reduces the random noise element and remowesriodical vibration
components. This improves the signal to noise ratio (SN®jeotollected signals for
more accurate feature calculation. In addition, T&8ins signals according to the
angular position of a particular rotating shaft,iethallows phase information to be
taken into account and to eliminate the influencesuwflom speed variations. TSA has
been found to be very efficient in cleaning signalgestt to time varying processes by
suppressing random noise and noise from uncorrelated saurcie as vibrations from
nearby components.

There are many TSA methods. For computational efficiemanyd reliable
implementation, a shaft encoder based method has umsh The shaft encoder,
mounted on the input shaft, produces 100 pulses perasirthe angular position
reference signal. The wireless vibration and referesigmals were measured
simultaneously and sampled at a rate of 96 kHz for 2@nskscat each of the operating
settings.

The equation used to derive the synchronous aver@pef time signalx(t) using
trigger signak(t) having a frequenciy is equivalent to the convolution rft) andc(t)

y(t) = c(t) *x(t) A.l
Wherec(t) is a train ofN impulses of amplitud&/N, spaced at intervalk = 1/f given
by;

c(t) =~¥NZE 8(t +nT,) A2

This equivalent to multiplication of Fourier transfoiX(f) of the signal byC(f) in the
frequency domain and can be represented by;

Y(f)=C(H)-X() A3
WhereC(f) is a comb filter function of the form;

_1 sin(mNT.f)
C(f) N sin(nT¢f) A4

Increasing the number of averagésarrows the peak of the comb and reduces the
amplitude of the side lobes between the peaks. Thusheinfrequency domain,
synchronous averaging for large values of N can beag#re complete removal of all
components except those that occur at integer multiptesapiencyf;.
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Appendix B

Rotary Viscosity Measurements

The viscosity is measured by an instrument based on rotaymeter test method, as
shown in Figure B.1

Figure B.1 the viscosity rotary meter

The tested oil is placed on a flat plate and covéngdnsulated block at varying
controlled temperature. A metal spindle (with cone sehlagad) is placed in the oll
leaving about 0.07 millimetre gap from the base metdlratates at fixed rpm speed,
i.e. at about 200rpm, see Figure 2.1. The instrumsatragulates the temperature of
the oil and measurements are taken at different temopereonditions Thus, from
knowing the rotational speed, torque, and the pgalmenetry both shear rate and shear
stress can be determined. The oils absolute viscosity isctilenlated based on the
resistance to rotate that the oil made due to its giezss. The absolute viscosity is
given in centipoise (cP), equivalent to Pa-s in Sislird3, 184]

Q

FT \\_J

Cone

Plate

Figure B.2. Cone-Plate rotary viscometer

The viscosity is calculated from[183-185]
n= 7 (B_l)
217



Where:n the viscosity 7 shear stress, andthe shear rate.

Both shear stress and shear rate can be determinedhiedorque, rotation speed and
instrument geometry and therefor the viscosity can loeleded as follows[183-185]

T
n= ?)C (B-Z)

Additionally, using the same instrument the first normalkst{&1), which is resulted
from the tension in the streamlines, is also measuredd€has that the tension in the
streamlines produces an axial violent lunge pushingdhe and plate separately with
a force that can be measured. The first normal streskigatad from [185, 186]:

N1=2E (B-3)

T iR
Where:T measured torqu&? rotation speed (rad/s), adds a constant specific to the
instrument, F resulted force, R cone radius.

Both normal stress difference and the shear viscosityogether called viscometric
functions; and they are the material functions propertof the fluid in shear
(viscometric) flow. When the cane rotates, the oil ckrabound the centre; this called
the“Weissenberg rod-climbing effect or the viscoelasticity of the fluid. This is due to
the fact that the fluid element being able to suppotension along a streamline
(because of non-zero normal stress differences), whicgeduhe fluid up. The
generated force works to separate the cone from the pl&5]

Therefore, results from oil analysis provided from thenaital laboratory include
viscosity (Pa-s), torque (N.m), normal force (N), firstnal stress difference (Pajd
shear stress (Pa). All parameters are measured aediffemperature: 20, 25, 30, 35,
40, 45, 50 and 5%.
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Appendix C

Additional Results from Water in Oil Contamination Tests

Current amplitudes at thg, f» andfz sideband are not consistent with water contents.

(@) Current at fs-fr1 and 741 rpm
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Similarly, voltage amplitudes at tlig, f.» andf;s sideband are not consistent with water

contents.

219



(a) Voltage at fs-fr1 and 741 rpm (b) Voltage at fs»frl and 1107 rpm (c) Voltage at fs-frl and 1474 rpm
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Motor torque has showed undistinguishable behaviowmsigwater content levels.
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Appendix D

Additional Results from Viscosity Tests

Current amplitudes at tifg, f.» andf;z sidebands are not consistent with oil viscosity
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frssidebands have changed inconsisyewith viscosity.
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Appendix E

Additional Results from Oil Level Tests

Current amplitudes at tHg, f» andf;s sidebands are not consistent with oil level.
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