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SUMMARY

In this thesis, the author contextualises condition monitoring of active magnetic bearing (AMB)
systems and proposes the real-time condition monitoring of AMB systems. Three real-time fault

detection, diagnosis, correction and identification schemes for vibration forces on the rotor ofa

rotational AMB system are proposed.

Two AMB systems were used to conduct this research. The one was a fully suspended 250 kW
water cooling AMB pump from which historical fault data was obtained and the other was an
experimental double radial AMB test rack on which the three real-time schemes were implemented.
The historical fault data obtained from the AMB pump were categorised into subsynchronous,
rotor synchronous and supersynchronous vibration forces. It was decided to use the histortcal fault

data to induce the same fault conditions that occurred on the AMB pump on the AMB test rack.

Various fault detection techniques were implemented on the historical fault data. This was done
to obtain the best technique for a specific fault condition. These techniques together with the

historical fault data were used in the design of the three real-time schemes.

The focus of this research is on external faults, since the research of internal faults to the
magnetic bearing control system is well established. Various schemes exist where off-line
diagnosis and identification of internal and external faults are performed on AMB systems, but
the area of real-time identification and correction of external faults still needs to be explored.
This study proposes three real-time detection, diagnosis, correction and identification schemes
for external faults to the magnetic bearing control system of rotational AMB systems. These
schemes use the available AMB sensors and actuators to perform condition monitoring and
correction, since machine components in industrial applications operate in harsh environments

and are not always easily accessible to install condition monitoring equipment.

The last scheme focuses on real-time multiple frequency fault detection, diagnosis, correction
and identification of external faults on rotational AMB systems, since more than one fault can
occur simultaneously on the AMB system. Analysis of a multiple frequency fault by a single
frequency fault scheme causes incorrect identification and correction of the fault. Four articles

were submitted for publication on the three real-time schemes.




The three real-time schemes perform three main tasks: 1) fault detection, 2) fault diagnosis and

error correction and 3) fault identification.

Displacement and current masking were performed during the fault detection stage. The
vibratory amplitudes and frequencies were extracted by means of the Wigner-Ville distribution.
Discrete sampling of the displacement and current signals of the physical AMB system was

performed by the dSPACE® 1104 controller board.

Pattern recognition techniques, statistical diagnosis, cascaded fuzzy logic and pattern
construction were used to calculate fault features during the fault diagnosis and error correction
stages. Error correction algorithms were used to correct the fault during the error correction
stage. During the fault identification stage, data fitting, fuzzy logic, ISO standards and pattern
recognition were used to calculate the type, parameters, vibratory level and zone of the vibration

force. A historical fault database was used during the identification process.

Correction factors were calculated to observe the improvement each scheme has over the
optimised PID controller when vibration forces are applied. Scheme 3 provided the best result
for improving subsynchronous vibration forces, scheme 1 the best for rotor synchronous
vibration forces and scheme 2 the best for supersynchronous vibration forces. Scheme 3
provided the best overall result with the best average improvement. All three real-time schemes

were able to correct and minimize vibration forces to a stable operating condition.

The three real-time schemes only stabilize the rotor with respect to the stator and do not remove
the vibration force. When correction forces are applied to the AMB system, to correct the effect
of the vibration forces, it may increases the stress of other critical components e.g. the power
amplifiers and system base, which may cause components to be damaged or break down. These
stressed components need 1o be identified by the user as critical or non-critical and the necessary
steps must be taken to operate the AMB system under the fault condition or to shut down the

system and repair the fauit.

The maximum current capability and bandwidth of the power amplifiers, run-time of the DSP
processors and bandwidth of the sensors were the main factors limiting the applicability of the
real-time schemes. Since the power amplifiers and sensors were designed and specified for normal

operational bandwidth, it was not possible to fully evaluate supersynchronous vibration forces.



OPSOMMING

In hierdie proefskrif ondersoek die outeur die stand van kondisiemonitering op aktiewe
magnetiese laer (AML) stelsels en stel die intydse kondisiemonitering van AML stelsels voor.
Drie intydse foutdeteksie, -diagnose, -korreksie en -identifikasie skemas vir vibrasiekragte op

roterende AML stelsel word voorgestel.

Twee AML stelsels is gebruik vir hierdie navorsing. Die ¢en was 'n ten volle gesuspendeerde
250 kW waterverkoelingspomp waarvan historiese foutdata bekom is en die ander is 'n
eksperimentele dubbel radiale AML toetsstelsel waarop die drie intydse skemas geimplementeer
is. Die historiese foutdata van die AML pomp is gekategoriseer in subsinkrone, rotorsinkrone en
supersinkrone vibrasiekragtc. Daar is besluit om die historiese foutdata te gebruik om dieselfde

foutkondisies wat op die AML pomp voorgekom het, op die AML toetsstelsel te induseer.

Verskeie foutdeteksietegnieke is geimplementeer op die historiese foutdata. Dit is gedoen om die
beste tegniek vir die spesifieke foutkondisie te vind. Hierdie tegnieke saam met die historiese

foutdata is gebruik in die ontwerp van die drie intydse skemas.

Die fokus van die navorsing is op eksterne foute aangesien baie navorsing reeds bestaan oor die
area van interne foute tot die magnetiese laer beheerstelsel. Verskeie skemas bestaan waar aflyn
diagnose en identifikasie van interne en eksterne foute op AML stelsels gedoen is, maar 'n
leemte in die area van intydse identifikasie en korreksie van eksterne foute bestaan. Hierdie
studie stel drie intydse deteksie, diagnose, korreksie en identifikasie skemas vir eksterne foute tot
die magnetiese laer beheerstelsel op roterende AML stelsels voor. Hierdie skemas gebruik die
bestaande sensors en kragversterkers om kondisiemoniteering en korreksie te verrig aangesien
masjienkomponente  in  industriéle  toepassings nie altyd toeganklik is om

kondisiemoniteringstoerusting te installeer nie.

Die laaste skema fokus op intydse foutdeteksie, ~-diagnose, -korreksie en -identifikaste van eksterne
foute met meer as een frekwensiekomponent op roterende AML stelsels, omdat meer as een fout
gelyktyding kan voorkom op AML stelsels. Analise van 'n fout met meer as een
frekwensiekomponent deur “n enkel frekwensic foutdeteksiestelsel lei tot foutiewe identifikasie

en korreksie van foute. Vier artikels is ingestuur vir publikasie oor die drie intydse skemas.




Die drie intydse skemas voer drie hooftake uit: 1) foutdeteksie, 2) foutdiagnose en -korreksie en

3) foutidentifikasie.

Posisie en stroom “masking” is uitgevoer gedurende die foutdeteksie stadium. Die vibrasie
amplitudes en frekwensies is bepaal deur die Wigner-Ville distribusie. Diskrete ontrekking van
die posisie- en stroomseine van die fisiese AML stelsel is uitgevoer deur die dSPACE® 1104

beheerbord.

Patroonherkenningstegnieke, statistiese diagnose, gekaskeerde wasige logika en patroon-
konstruksie is gebruik om foutinligting te bekom gedurende die foutdiagnose en -korreksie
stadiums. Foutkorreksie algoritmes is gebruik om die fout te korrigeer gedurende die
foutkorreksie stadium. Gedurende die foutidentifikasiestadium is datapassing, wasige logika,
ISO standaarde en patroonherkenning gebruik om die tipe, parameters, vibrasievlak en sone van
die vibrasiekragte te bepaal. 'n Historiese fout databasis is gebruik gedurende die

foutidentifikasieproses.

Korreksiefaktore is bereken om die verbetering wat elke skema op die PID beheerder het,
wanneer vibrasiekragte toegepas word, te bepaal. Skema 3 het die beste verbetering tot gevolg
met subsinkrone vibrasiekragte, skema 1 die beste met rotorsinkrone en skema 2 die beste met
supersinkrone vibrasiekragte. Al drie intydse skemas is in staat om vibrasiekragte tot "n stabiele

werk toestand te minimaliseer.

Die drie intydse skemas stabiliseer slegs die rotor ten opsigte van die stator en verwyder nie die
vibrasiekragte nie. Wanneer korreksiekragte toegepas word op die AML stelsel om die effek van
die vibrasiekragte te kanselleer mag dit spanning op ander kritiese komponente soos die
kragversterkers en stelselbasis plaas, wat kan veroorsaak dat hierdie komponente beskadig word.
Hierdie komponente met verhoogde spanning moet vervolgens deur die gebruiker geidentifiseer
word as krities of nie krities en die nodige stappe moet gencem word om die AML stelsel met

die fouttoestand te bedryf of om die stelsel te stop en die fout te herstel.

Die maksimum stroomvermo& en bandwydte van die kragversterkers, looptyd van die DSP
prosesseerders en bandwydie van die sensors is die hooffaktore wat die toepassing van die
intydse skemas beperk. Aangesien die kragversterkers en sensors gespesifiseer was vir normale
operasionele bandwydte s dit nie moontlik om supersinkrone vibrasiekragte ten volle te evalueer

nie.



The reverent and worshipful fear of the Lord is the beginning of Wisdom, and the
knowledge of the Holy One is insight and understanding. For by me {Wisdom from
God] your days shall be multiplied, and the years of your life shall be increased.
Proverbs 9:10-11

And behold, I am coming speedily. Blessed is he who observes and lays to heart
and keeps the truths of the prophecy (the predictions, consolations and wamings)

contained in this book.

Revelation 22:7

Wysheid begin met die dien van die Here, wie die Heilige ken, het werklik insig.
As jy wysheid het, sal jy lank lewe, jou lewensjare sal vermeerder word.

Spreuke 9:10-11

Jesus sé toe: “Kyk, Ek kom gou! Geseénd is elkeen wat die woorde van hierdie
profetiese boek ter harte neem.”

Openbanng 22:7
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CHAPTER 1
INTRODUCTION

Condition monitoring and maintenance management is a holistic multidiscipline based on
systems thinking [128]. The concept of condition monitoring is to select a measurable parameter
on the machine which will change as the health or condition of the machine deteriorates [98].
Condition monitoring of critical machinery has many economic benefits. A number of
conventional vibration analysis techniques exist by which certain faults in rotating machinery

can be identified and repaired to prevent catastrophic failure of components [150].

One of the major aspects of condition monitoring and diagnosis of mechanical equipment is to
determine what needs to be repaired and when it needs to be repaired. This decision is based on a
combination of skill and experience. Both of these are used to interpret the available data and to

determine what information should be made available.

It can take many years of training to interpret the available information, since so much of
diagnosis relies on skill and experience. Some of the primary difficulties that arise when there is
a need to perform diagnosis tasks are: 1) lack of experienced staff, 2) lack of time to perform the

task and 3) lack of consistence in performing the diagnosis task [164].

Active magnetic bearings (AMBs) are non-containing, which means they have negligible friction
loss, no wear and higher reliability. An advantage of performing condition monitoring on AMB
systems is the inherent availability to displacement and actuator current values. Faults on AMB
systems can be categorised into internal and external to the magnetic bearing control system. The

research performed in this thesis focuses on external faults.

This study explores condition monitoring of systems with AMBs and techniques that can be
implemented for specific system fault conditions. The study proposes three real-time detection,
diagnosis, correction and identification schemes for vibration forces on the rotor of a rotational
AMB system. These schemes use the available sensors and actuators to perform correction. The
main advantage of the last scheme is its capability to detect. diagnose and identify multiple

frequency vibration forces.

1.1
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Various fault tolerant schemes exist for AMB systems, where additional sensors, power amplifiers,
controllers and actuating coils are installed to increase the reliability of the system [1], [2]}, [16],
[22], [291, [771, [90], [118], [167]. The research performed by the reference studies focus on

diagnosis and correction of internal faults. The identification of these faults is performed off-line.

Other non-tolerant schemes (schemes which do not install additional sensors and power
amplifiers) exist where diagnosis and evaluation of the internal components (I/O board channel,
controller, sensors and power amplifiers) of the AMB system is performed [30], [47], [78].
Schemes focussing on the detection of bearing magnet coil failures and microprocessor hardware
failure also exist {131], [35]. Various schemes exist where off-line diagnosis and identification of
external faults (overhung rotor, rotor mass loss, rotor impact, etc.) are performed on AMB
systems (7], [87], [94]. The area of real-time identification and correction of these faulis still

need to be explored.

Schemes capable of performing real-time displacement and current analysis, correction and
identification of external faults (vibration forces) to the magnetic bearing control system
therefore need to be explored and developed. Approaches focussing on real-time identification
and correction of external faults (rotor deformations, misalignments, foundation looseness, etc.)
on a rotational AMB system by means of displacement or current analysis (where the available

sensors and actuators are used) could not be found in the literature.

In industrial applications more than one fault can occur at the same time. When a correction
system only focuses on correcting one of these faults, the response of the system improves, but
the optimum result is not obtained. When a single fault correction system evaluates the total
vibration index (a collection of all the vibration forces acting on the system) incorrect
identification and correction of the vibration index occurs. A third scheme capable of performing
real-time multiple frequency fault detection, diagnosis, correction and identification of vibration
forces on the rotor of a rotational AMB system therefore need to be explored and developed.
Approaches focussing on real-time multiple frequency identification and correction of vibration

forces on a rotational AMB system could not be found in the literature.

This chapter starts with an overview of condition monitoring and AMB systems. A problem
statement followed by the aim and objectives of the research is then provided. The research
methodology is provided followed by an overview of the thesis. The chapter ends with the

publication status of the research.
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1.1. CONDITION MONITORING

Complex rotating machinery can be maintained in a scheduled, time based fashion, routine
inspections can be performed and potential faults identified. A disadvantage is that machinery in
perfect operating condition can be disassembled unnecessarily which can induce faults, whereas
small incipient faults may not be detected soon enough. In contrast with condition based

maintenance (CBM), the maintenance schedule is based on the actual condition of the machine

[125].

CBM can be used to prevent expensive downtime and damages due to unforeseen problems, if
the condition of the machine is diagnosable via relevant measurements, Vibration monttoring,
which 1s a technology often employed in the context of CBM, has been used successfully in a
wide range of condition monitoring applications [128). Vibration monitoring is useful for the
identification of specific types of fault conditions that are commonly experienced in rotating
machinery, e.g. imbalance, looseness, etc. Chapter 2 provides more detail on condition

monitoring procedures, measurements and techniques.

System monitoring usually refers (0 monitoring of external faults to the magnetic bearing control
system and component monitoring usually refers to monitoring of internal faults to the magnetic
bearing control system. Section 1.2 provides more detail on external and internal faults on AMB

systems.

Vibration monitoring allows for variation in speed [120] and load {150]. Dynamic loads can
influence the interpretation of vibrations associated with a primary fault mechanism [57]. The
application of advanced signal processing techniques can reduce or even eliminate some of the
environmental disturbances related to vibration signals [19], [120], [150], such as external and

internal noise in the form of vibration sources, speed and amplitude variations.

The application of such techniques aims to accentunate the signal while simultaneously reducing
the noise or disturbance. The modified and enhanced signals can then be interpreted with pattern
recognition techniques. The diagnosis of multiple fault conditions may require simultaneous
interpretation of a number of variables that in combination reflect the true condition of the
machine. The operator can be assisted in making consistent decisions regarding the status of the
machine, by applying pattern recognition techniques [53]. More detail on pattern recognition is

available in section 4.5.5.
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Patten recognition techniques have traditionally been used to make accurate classification
decisions based on a number of extracted features [56]. However, the successful application of
pattern recognition techniques relies on the availability of a sufficiently large data set of all fault
conditions. In practice, it is often expensive or even impossible to compile such a data set from
experimental data. Simulated models can then be used to expand the available experimental data

set, using expert knowledge on the nature of expected faults [121].

Faults in rotating machinery can be detected using vibration (and current) analysis [89].
Chapter 4 provides detail on signal processing techniques that can be used for fault detection.
Some guidelines on acceptable vibration standards are available, but are often too conservative
for industrial use [13]. Acceptable vibration levels are therefore often adjusted for each

individual case [64]-[69)].

1.2. ACTIVE MAGNETIC BEARING SYSTEMS

The reliability of an AMB system can be improved by implementing a fault tolerant scheme,
where additional sensors, power amplifiers, controllers and actuating coils are installed [1], [2],
[16], [22], [291, [77], [90], [118], [167]. The research performed by the reference studies focuses
on diagnosis and correction of internal faults. The identification of these faults is performed off-

line.

Faults on AMB systems can be broadly classified as either internal or external to the magnetic
bearing control system. This classification relates to the way in which the faults can be dealt
with. Internal faults include: power amplifier malfunctions {70], transducer malfunctions [1],
loss of I/O board channel [15], bearing magnet coil failures [131]), computer software errors
[167] and computer hardware errors {35]. External faults include: rotor impact [29], rotor mass
loss [51], motion of system base [46], rotor deformation [62], sudden change in loading [10],
rotor rub [139], bent rotor [38], misalignments [94] and rotor faults [30]. Section 3.7 provides

more detail on faults on AMB systems.

The demand for highly reliable systems at any operating conditions caused an increase in the
industnial application of AMBs. Industries expect reliable and safe operation of their machines,
high efficiency and availability at all times [125]. Most industries cannot afford downtime and
therefore operate machines until they break down. A shortage of skilled staff causes machines to

operate under fault conditions which cause the machine to eventually break down.
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Spending money on condition monitoring equipment and training staff is expensive and most
companies prefer not 1o take this route. Installing condition monitoring equipment is sometimes
not possible, since machines operate in harsh environments and is not easily accessible [86]. In
order to satisfy these requirements and needs, failure detection and diagnosis in real-time

becomes increasingly important.

Due to the shortage of skilled. on-site personnel, much eftort has been focused on the automated
analysis of vibration signals [128]. Although positive results have been reported in literature {100],
[128], the analysis process depends on the type of machinery (similarity in electrical and
mechanical construction of the new machine compared to the one tests were performed on),

environmental influences (speed, static and dynamic load) and operational factors {14].

Some international standards on mechanical vibration of rotating AMB systems exist [70], [71].
These provide guidelines for acceptable vibration levels, but need to be adapted for the specific

industrial application,

1.3. PROBLEM STATEMENT

The purpose of the research is 1o benchmark condition monitoring of AMB systems and explore
the real-time condition monitoring of AMB systems. In industrial applications the connection of
sensors for condition monitoring is not always possible, since the machinery is not easily
accessible. It was therefore decided to use the available sensors and actuators of the AMB
system, eliminating the installation of additional equipment for the monitoring and correction

process.

Various faults occur on an AMB system as shown in figure 1.1. Faults can occur on:
1) components connected to the rotor of the AMB system, 2) the coupling connecting machinery
and components with the AMB system, 3) machinery connected to the rotor of the AMB system
and 4) free standing machinery causing motion of the base of the AMB system. These faults are
categorised as external faults and form the main focus of this research. Research of internal

faults to the magnetic bearing control system is well cstablished and not included in this study.

Various schemes exist where off-line diagnosis and identification of internal and external faults
are performed on AMB systems, but the area of real-time identification and correction of
external faults still needs to be explored. Approaches focussing on real-time identification and

correction of external faults (misalignments, rotor deformations, foundation looseness, etc.) on a
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rotational AMB system by means of displacement or current analysis (where the available
sensors and actuators are used) could not be found in the literature. Schemes capable of
performing real-time displacement and current analysis, correction and identification of external

faults to the magnetic bearing control system therefore need to be explored and developed.

Detection, Diagnosis,

Displacement
and current

7
Figure 1.1: AMB system operating under fault conditions.

More than one fault can occur at the same time in industrial applications. When a correction
system only focuses on single frequency fault correction, the system response improves, but the
optimum result is not obtained. Incorrect identification and correction of the fault can therefore
occur. Approaches focussing on real-time multiple frequency identification and correction of
vibration forces on a rotational AMB system could not be found in the literature. A third scheme
capable of performing real-time multiple frequency fault detection, diagnosis, correction and
identification of vibration forces on the rotor of a rotational AMB system therefore need to be

explored and developed.

The real-time detection, diagnosis and correction schemes only stabilises the rotor with respect
to the stator and do not remove the fault from the system. When correction forces are applied to
the AMB system, to cancel (correct) the effect of the vibration forces, it may increase the
stresses in other critical components e.g. the power amplifiers and system base, which may cause
components to be damaged or break down. These stressed components need to be identified by
the user as critical or non-critical and the necessary steps must be taken to operate the AMB

system under the fault condition or to shut down the system and repair the fault.

The research presented in this thesis attempts to identify and compensate harmonic sources,
which are not necessarily synchronous with the rotor spin rate. Some of the work presented in

this thesis can be described as compensation of asynchronous vibration with periodic excitation.
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14. RESEARCH AIMS AND OBJECTIVES

This thesis proposes three real-time detection, diagnosis, correction and identification schemes
for vibration forces on the rotor of a rotational AMB system. The three real-time detection,
diagnosis, correction and identification schemes are divided into the following major
subsystems: 1) detection and data collection, 2) signal processing and feature extraction,

3) monitoring and diagnosis, 4) identification and 5) correction.

Controf info TNarning

Alarm

My

Qbservation infg

Fault causes

Fault location
Remedies
Recovery methods
_F_’erformance eval.

Correction

System input Analysis and data processing | System output

Figure 1.2: Real-time schemes configuration (adapted from [164]).

Figure 1.2 provides the configuration of the real-time schemes, which is divided into the
following three sections: 1) system input, 2) analysis and data processing and 3) system output.
The system input section contains all the information needed by the analysis and data processing
section to provide a diagnosis output. The analysis and data processing section uses the control
information, observation information, environmental information and AMB system output to
perform data collection, signal processing and feature extraction. The monitoring, diagnosis and
identification subsystems use the extracted features to provide a system output. The system
output 1s divided into warning, alarm, fault causes, fault location, remedies, recovery methods
and performance evaluation. The correction subsystem uses the extracted features to apply
correction forces on the AMB system. The rest of this section details each of the subsystems of

the real-time detection, diagnosis, correction and identification schemes as research objectives.

1.4.1. DETECTION AND DATA COLLECTION

A sensor array converts non-electrical quantities into electrical quantities for the purpose of
computerized post-processing. The selection of the correct sensors is the key to effective condition
monitoring and diagnosis, because without the ability to acquire accurate information the
quantitative monitoring and accurate diagnosis of the AMB system would be impossible. Faults
occurring on the system can be stored to a historical fault database in real-time, which can be
used for identification and correctional purposes. More detail on the detection subsystems is

available in sections 5.3.3,6.2.1 and 7.2.1.
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Data collection can be employed in one of two types of measurements:

*  Direct measurement

This methad uses displacement sensors to measure the actual displacement that directly reflects
the condition of the rotor. Direct sensing is usually more prone to noise interference, since the
sensors are closely located to the power amplifiers. Filtering is therefore essential, but care must

be taken not to filter frequencies necessary for diagnosis.

® Indirect measurement

In this method sensors are not used for directly measuring physical quantities; they are used to
reflect changes in other parameters (e.g. vibration, temperature and current) that are sensitive to
the problem concerned. This is the usual way of employing sensors in real-time monitoring and

diagnosis applications [164]. Section 4.2.1 provides more detail on data collection.

1.42. SIGNAL PROCESSING AND FEATURE EXTRACTION

The signal processing and feature extraction subsystem receives measurements and operating
parameters from the controller and proccsses them on the basis of the signal nature and
requirements from the monitoring and diagnosis subsystem. Noise reduction is performed to

provide useful features. More detail on noise filtering is available in section 2.6.

Feature extraction is a procedure that maps incoming signals into useable features. This task can
be processed in the time or frequency domain. In the time domain, basic characteristics of a
time-varied signal are usually extracted as features. In the frequency domain, various signal
processing techniques exist. Frequency domain analysis is especially useful for vibration
monitoring and diagnosis applications of rotational machinery [123]. More detail on feature

extraction 1s available in section 4.5.2.

1.4.3. MONITORING AND DIAGNOSIS

The functions of the monitoring and diagnosis subsystem are as follows:

*  Detecting any form of deviation from the normal situation

A threshold test of a feature is the most simple and straightforward method of detecting
deviation. If the deviation value exceeds this threshold then it is considered that a degradation of
the AMB system is possibly occurring. When an abnormal situation is detected the severity and

the potential problem needs to be determined. Some problems develop rapidly such as a situation
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where the operation of the AMB system exceeds the maximum limits by a very large amount in a
short period of time, which will require fast response to avoid catastrophic failure [104]. More

detail on monitoring measurements and techniques is available is section 2.5.

® Diagnosing potential problems

The functions of diagnosis and identification are to test the truthfulness of the alarming and
warning signals generated from the detection stage, to diagnose prior to failure the causes of
degenerative trends in the AMB system and to provide corrective actions to be taken so that
breakdowns do not take place {123]. Thus, for diagnosis and identification to operate
successfully, the selection of an accurate data interpretation scheme is vital. Knowledge-based
diagnosis (rule-based, case-based and model-based diagnosis) and fuzzy logic diagnosis are the
two diagnosis techniques that can be applied. More detail on the diagnosis subsystems for the

three real-time schemes are available in sections 5.3, 6.2.2 and 7.2.2.

1.4.4. IDENTIFICATION

The warning indications usually correspond to slowly developed problems that will not
immediately cause serious damages to the AMB system, but needs to be analysed in detail. The
AMB system can still run for a while in order to complete the current costly task, but the causes
of these problems usnally need to be identified in order to prevent them from causing secondary
problems. The alarming indications usually correspond to quickly developed problems related to
critical operating units or critical operating conditions. These alarms are needed for immediate
attention and usually requires machine shutdown [131]. More detail on the identification

subsystems is available in sections 3.5, 6.2.3 and 7.2.3.

1.4.5. CORRECTION

When a vibration (disturbance) force occurs on the rotor of the AMB system, correction forces
are applied to cancel the effect of the vibration forces. This correction can cause an increase in
the stress of critical components, which can cause components to be damaged. It is therefore
crucial to identify these components. Free-body diagrams and mass-spring-damper systems
explaining different fault conditions and different stress points (stressed components) on the

AMB system is provided in appendix B. More detail on the correction subsystems is available in

sections 5.3, 6.2.2 and 7.2.2.
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1.5. RESEARCH METHODOLOGY

The research is divided into two main phases. The first phase focuses on performing condition
monitoring and implementing fault detection techniques on the historical fault data obtained
from the 250 kW water cooling AMB pump (SM400/400), which is situated at the Boxberg
power plant in Germany. More detail on the 250 kW water cooling AMB pump is provided in
section 5.1 and appendix A. This phase was completed as part of an exchange program to the

University of Applied Sciences Zittau/Gorlitz in Germany.

The second phase focuses on the design process of three real-time detection, diagnosis, correction
and identification schemes. The schemes were tested on a simulation model, before practically
implementing them on the double radial AMB test rack. More detail on the double radial AMB
test rack is provided in section 5.1 and appendix A. This phase was completed at the North-West
University (Potchefstroom campus) in South Africa. Figure 1.3 shows a block diagram of the

different phases of the research. The rest of this section provides more detail on the phases.

1.5.1. PHASE 1: CONDITION MONITORING AND FAULT DETECTION

A first approach to obtain fault measurements was to dismantle the AMB system to introduce a
specific fault condition on the healthy rotor and bearings. Yet, this approach was undesirable, as
the dismantling of the AMB system changes environmental conditions (the vibration signals),
impeding direct comparison of before and after measurements. Furthermore it was not possible

to make any changes to the 250 kW water cooling AMB pump since the pump was in use.

During phase 1 (shown in figure 1.3) condition monitoring was performed on the 250 kW water
cooling AMB pump to obtain historical fault data. The vibration forces that occurred on the rotor
of the AMB pump were categorised into the following three historical fault datasets: 1)
subsynchronous vibration forces, 2) rotor synchronous vibration forces and 3) supersynchronous
vibration forces. The vibration forces occurring on the AMB pump were stored to a historical fault

database. Section 5.2 provides more detail on the vibration forces on the rotor of the AMB system.

A simulation model was created in MATLAB®, which provided the ideal no fault displacement
and current, The discrepancy of the displacement and current was obtained by subtracting the no
fault displacement and current (expected output of the simulation model) from the fault
displacement and current (observed output of the practical AMB system). The pump pressure,
pump values and temperature were also available, but were only used to evaluate the fault data.

More detail on this process is provided in section 5.3.2.
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Features were extracted by implementing advanced fault detection techniques on the discrepancy
signals. An expert system used the extracted features to provide a resuit on the specific fault
condition. Different fault detection techniques were implemented to determine which techniques
provide the best output for a specific fault condition. More detail on the fault detection
techniques is provided in chapter 4. Appendix E provides results on fault detection techniques

that were implemented on the 250 kW water cooling AMB pump.

1.5.2. PHASE 2: DETECTION, DIAGNOSIS, CORRECTION AND IDENTIFICATION
Phase 2 (shown in figure 1.3) focuses on the design of three real-time fault detection, diagnosis,
correction and identification schemes and implementation of the vibration forces on the double

radial AMB test rack.

It was decided to use the historical fault data (obtained over a period of three years) to induce the
same fault conditions that occurred on the 250 kW water cooling AMB pump on the double
radial AMB test rack. From this setup a good comparison was obtained on how the schemes

respond before a fault and after a fault is induced.

The historical fault data were induced on a simulation model of the double radial AMB test rack.
This was done to observe how the practical system will respond to the induced faults and to
optimise the performance of the real-time schemes. A detection, diagnosis and correction
subsystem uses the displacement and current to detect and correct the induced fault. An
identification subsystem use the technical variables obtained from the detection, diagnosis and

correction subsystem to identify the fault.

The same process is repeated for the practical AMB system and the simulated results are
compared with the experimental results. Chapters S, 6 and 7 provide more detail on the design of
the three proposed real-time fault detection, diagnosis, correction and identification schemes.

Chapter 8 provides a comparison between the three proposed schemes.

Discrete sampling of the displacement and current signals of the physical AMB system was done
by means of the dSPACE® 1104 controller board, equipped with a DSP TMS320F240 from
Texas Instruments. More detail on the real-time implementation and hardware setup of the

dSPACE® controllers is provided in section 5.4 and appendix C.
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1.6. THESIS OVERVIEW

This section provides a brief outline of the thesis. Chapter 2 outlines a brief literature study on
condition monitoring and vibration monitoring. The benefits and disadvantages of condition
monitoring and condition based maintenance are discussed. An overview on the evaluation
standards of vibration monitoring and the effect of machine speed and load on the vibration level
is provided. The chapter ends with the effect of temperature and spurious low frequency ‘ski-

slope’ effects in vibration monitoring.

Chapter 3 outlines a brief literature study on AMB systems. The operation of AMBs and
background information on bearings and sensors are discussed. Sections 3.5 and 3.6 focus on the

benefits and limitations of AMBs, respectively. Section 3.7 focuses on faults on AMB systems.

Chapter 4 is dedicated to fault detection and signal processing techniques. Standard fault
detection techniques are discussed followed by time and frequency domain features and
advanced signal processing techniques. The aim is to provide the reader with background

information on fault detection techniques.

Chapter 5 proposes a real-time displacement analysis, correction and identification scheme. This
scheme uses the available displacement to detect, correct and identify vibration (disturbance)
forces on the rotor of a rotational AMB system. Chapter 6 proposes a real-time current analysis,
correction and identification scheme. This scheme uses the available current to detect, correct
and identify vibration forces on the rotor of a rotational AMB system. Chapter 7 proposes a real-
time multiple frequency fault detection, correction and identification scheme. This scheme
analyses, correct and identify multiple frequency vibration forces on the rotor of a rotational
AMB system. In chapters 5, 6 and 7 simulation and real-time results of the correctional and

identification subsystems are provided. Results are discussed and the schemes are evaluated.

Chapter 8 provides the final conclusions of the thesis. In this chapter the three real-time
detection, diagnosis, correction and identification schemes are evaluated. Section 8.4 focuses on

improvements and aspects left for future research.

Several appendixes provide detailed information that has been removed from the main body for
ease of reading and comprehension. Appendix A provides photos of the 250 kW water cooling

AMB pump and double radial AMB test rack. Appendix B provides screenshots of the
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. . . . 1 ®
simulation GUI, the Simulink® simulation model. Appendix C provides the real-time Simulink

model and screenshots of the Controldesk® interface.

Appendix D provides the mass-spring-damper constants used in the simulation and real-time

models. Appendix E provides the results obtained from the different fault detection techniques.

The displacement and current data used in this section was obtained from the 250 kW water

cooling AMB pump. Appendix F provides a list of suppliers on condition monitoring. Appendix G

provides a list of datasheets, catalogs, photos and movie clips found on the available CD.

1.7. PUBLICATION STATUS OF RESEARCH

The work presented in this thesis has been documented in four articles that are in different stages

of publication or evaluation for publication. The publication status of these articles together with

the relevant abstracts is provided:

Gouws R. and van Schoor G., “Real-time detection and correction of vibration forces on the
rotor of a rotational active magnetic bearing system,” Mechanical Systems and Signal

Processing, Revision 1, Nov. 2006.

Article abstract:

In this article real-time detection and correction of vibration forces on the rotor of an AMB
system is performed. The real-time scheme performs three main tasks: 1} fault detection, 2)
Jfault diagnosis and 3) error correction. Historical fault data from a fully suspended 250 kW
water cooling AMB pump was used in the design process of the fault detection subsystem.
Signal masking and error calculation were performed during the fault detection process on
the displacement signals of the AMB system. Fault detection techniques, statistical diagnosis
and fuzzy logic were used to calculate fault features during the fault diagnosis srage. The
error correction subsystem was divided into subsynchronous and supersynchronous
vibration error correction. Subsynchronous vibration error correction forces the controller
to overcompensate for vibration forces and reduces the vibration force on the rotor.
Supersynchronous vibration error correction corrects vibration forces by inducing
correction forces onto the rotor of the AMB. The reference current of the corresponding
amplifiers are manipulated to create these correction forces. Experiments were performed on
a double radial AMB test rack to demonstrate the effectiveness of the proposed method in the
real-time detection, diagnosis and correction of vibration forces on the rotor of an AMB
system. The detection, diagnosis and correction subsystem corrected and minimised the
vibration forces to a stably operating condition. The last phase of this article focuses on the
identification of the vibration forces. An identification subsystem performs this task and
displays the type and parameters of the vibration forces.

The design of the real-time displacement analysis, correction and identification scheme is

provided in chapter 5.
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Gouws R. and van Schoor G., “A current analysis and correction system for vibration forces
on the rotor of a rotating active magnetic bearing system,” SAIEE Africa Research Journal
(Journal of the South African Institute of Electrical and Electronic Engineers), Accepted for
Publication, April 2007.

Article abstract:

In this article, a real-time detection, correction and identification scheme for vibration forces
on the rotor of a rotating AMB is proposed. Current analysis was performed during the real-
time detection subsystem by comparing ideal no fault currents with fault currents. Pattern
recognition was performed by using an input feature obtained from the Wigner-Ville
distribution and by comparing fault current patterns with historical fault database patterns
obtained from a fully suspended 250 kW water cooling AMB pump. A fuzzy logic controller
used the output of the pattern recognition process to perform error correction on the AMB
system. A fault identification subsystem provides the type of fault, where the fault occurred in
the AMB system, the current state of the rotor and the parameters of the fault. Experiments
were performed on a double radial AMB test rack to demonstrate the effectiveness of the
proposed scheme in the detection, correction and identification of vibration forces on the
rotor of an AMB system. The detection, diagnosis and correction scheme corrected and
minimised vibration forces to a stable operating condition.

The design of the real-time current analysis, correction and identification scheme is provided
in chapter 6.

Gouws R. and van Schoor G., “Multiple frequency fault detection, correction and
identification of vibration forces on the rotor of a rotational active magnetic bearing system,”

1EEE/ASME Transactions on Mechatronics, Submitted for Publication, April 2007.

Article abstract:

In this article a real-time fauit detection, correction and identification scheme for vibration
Jforces on the rotor of a rotational AMB system is proposed. Condition monitoring was
performed on the displacement signals of a fully suspended 250 kW water cooling AMB
pump, to obtain historical fault data. A pattern recognition subsystem compared the real-
time displacement error patterns with the displacement error patterns from the historical
fault database. A fuzzy logic controller used the patterns from the pattern recognition
subsystem to perform error correction. The Wigner-Ville distribution extracted the vibratory
amplitudes and frequencies, which was used as input features to the pattern construction and
pattern recognition subsystems. Experiments were performed on a double radial AMB test
rack to demonstrate the effectiveness of the proposed scheme in the detection, correction and
identification of vibration forces on the rotor of an AMB system. The detection and
correction subsystem was able to correct and minimize multiple frequency vibration forces to
a stable operating condition. The identification subsystem calculated the fype, parameters,
vibratory level and zone of the vibration forces. The main advantage of this scheme is its
capability to detect, correct and identify multiple frequency vibration forces.

The design of the real-time multiple frequency fault detection, correction and identification

scheme is provided in chapter 7.
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Gouws R. and van Schoor G., “A comparative study on fault detection and correction
techniques on AMB systems,” Proceedings of the IEEE Africon 2007 conference, Namibia,
Accepted for Presentation, Sep. 2007.

Article abstract:

In this article a distinction between three real-time faull detection, correction and
identification schemes for vibration forces on the rotor of a roiational AMB system is made.
Historical fault data obtained from a fully suspended 250 kW water cooling AMB pump was
used in the design process of the three schemes. The reai-time schemes perform three main
tasks: 1) fault detection, 2) fault diagnosis and error correction and 3) fault identification.
Displacement and current masking were performed during the fault detection stage and the
vibratory amplitudes and frequencies were extracted by means of the Wigner-Ville
distribution. Pattern recognition techniques, statistical diagnosis and fuzzy logic were used
fo calculate fault features during the fault diagnosis and error correction stages. During the
fault identification stage, data fitting, fuzzy logic and ISO standards were used to calculate
the type, parameters, vibratory level and zone of the vibration force. A comparison between
the experimental results obtained from a double radial AMB test rack was performed to
demonstrate the effectiveness of the proposed schemes in the real-time detection, correction
and identification of vibration forces on the rotor of a rotational AMB system. The three
real-time schemes were able to correct and minimize vibration forces to a stable operating
condition.

A comparison between the fault detection and correction techniques on AMB systems is

provided in chapter 8.



CHAPTER 2
CONDITION MONITORING

2.1. INTRODUCTION

This chapter focuses on providing the reader with background information on condition
monitoring. The chapter starts with an overview of condition monitoring, followed by a
discussion on vibration monitoring. The chapter concludes with condition monitoring analysis
methods. condition monitoring measurements and noise filtering during condition monitoring.

Appendix I provides a list of suppliers of condition monitoring equipment.

Condition monitoring and maintenance management are holistic and multidisciplinary in nature
and are based on systems thinking. The concept of condition monitoring is to select a measurable
parameter in the machine which will change as the health or condition of the machine
deteriorates. Rao [128] provides an overview of condition monitoring and methodologies for
fault detection. In condition monitoring, machines are regularly subjected to ‘health checks’ or
vibration inspections. Advantages of condition monitoring include [50]: 1} lower levels of
vibration which result in less mechanical wear, 2) less energy usage and 3) longer machine

running time which result in less repair overheads.

Vibration monitoring is one of a number of online techniques which fall in the category of
condition monitoring. This thesis focuses mainly on vibration monitoring therefore it was
decided to include a vibration monitoring section (section 2.3). In this section an overview of
vibration monitoring is provided, followed by the effect of machine speed and load on the
vibration level. The section ends with a discussion on the evaluation standards for vibration

monitoring. Various international vibration monitoring standards are available [64]-[68].

There are three distinct forms of maintenance [125]: 1) breakdown maintenance, 2) periodic
shutdown maintenance and 3) condition based maintenance. Breakdown maintenance is simply
“run to failure” and allows no intervention in operation. The plant is maintained only when
forced by a breakdown. Breakdown maintenance has low short-term capital expense. but high
long-term capital expense. Periodic shutdown maintenance was once the industry norm. During
periodic shutdown machines are overhauled and new components fitted irrespective of the
operating condition. Condition based maintenance 13 the most cost effective form of plant

maintenance. The plant is monitored or repaired only according to the diagnosed condition [125].

2.1
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2.2. CONDITION MONITORING

Condition monitoring is divided into offline and online monitoring as shown in figure 2.1. In the
case of offlinc monitoring the monitored object is not in a running state while monitored. Online
monitoring is applied to running machinery. Condition monitoring is further divided into
periodical and continuous. Periodical condition monitoring can be pcrformed offline or online,

but continuous monitoring is usually performed online.
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Figure 2.1: Overview of condition monitoring.

Offline monitoring can be invasive, which means that the machine structure must be
disassembled for monitoring. On the contrary, online monitoring is almost always non-invasive.
Continuous online monitoring is based on measurements, Periodical monitoring 1s performed

manually and can include evaluation based on human senses [46].

The advantages of continuous condition monitoring include [83]: 1) damages can be detected as
soon as they appear, 2) trends can be formed automatically, 3) minimum need for labour, 4)
detection of sudden changes is possible and 5) motors that are difficult to reach can easily be
monitored. The advantages of periodical condition monitoring include [88]: 1) machines can be
cleaned from dust or other particles when measurements are done, 2) investment for condition
monitoring is smaller than in continuous condition monitoring schemes and 3) humans can

discover changes in appearance such as mechanical damages, loose blots, etc.
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There are continuous online systems designed mainly for condition monitoring of electric
machines. These systems usually consist of measuring and data processing devices, which can be
permanently connected to a data bus supplying information to the analysing computer or data
can be collected from the device occasionally. The decision on continuous data transfer or

manually performed data collection is made mainly on the cost of instrumentation and labour [81].

Preventive maintenance with scheduled service procedures can prevent typical damages. For
example, if the majority of bearings exceed their expected lifetime, the preventive maintenance
can prevent most of the bearing damages by changing bearings before the expected lifetime
expires [147]. On the other hand. if the expected lifetime cannot be determined (deterioration
expectations are not known e.g. in the case of rotor faults) the scheduled maintenance is

relatively inefficient [125].

Maintenance can be corrective which means that broken components are replaced or repaired.
Unplanned downtime and possible breakdown of machinery can make corrective maintenance
very expensive [46]. Predictive maintenance means condition based actions. These require
condition monitoring in order to detect deterioration. Proactive maintenance aims to improve the

object (process) so that the probability of the damage 1s decreased in the future [58].

2.3.  VIBRATION MONITORING

Vibration monitoring is one of a number of online techniques, complementary to such measures
as performance checking using non-dimensional flow, measurement of pressure, temperature.
axial movement. etc. All of these techniques, collectively called condition monitoring, have the
common objective of showing malfunction or deterioration in machine operation in a numerative

manner. They can be used to assess the need, if any, for corrective action [88].

Vibrations on machines are in general periodic in nature, although some unsteadiness in the
signal is to be expected. This means that the signal repeats itself after a definite time interval
(usually the time taken for one revolution). Periodic vibration may be considered as the
oscillation of a particle about a fixed datum position [147]. The smallest form is where the
displacement varies sinusoidally with time. More complex vibrations may be considered as being

the addition of many different sine waves (usually in the form of one or more harmonic series).
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The acceleration component in a vibration signal depends on the square of the frequency, which
means that if significant high frequency content is present in a signal, the acceleration level will

be high and conversely, if the high frequency content is of interest, the acceleration shouid be

measured [130].

Mechanical and magnetic forces cause vibrations in electric machines. The principal source of
vibration in electrical machines are: 1) the attractive magnetic force between the rotor and stator
[34], 2) the slot harmonics [88], 3) the saturation harmonics, 4) the response of the stator end
windings to the electromagnetic forces on the conductors [1517, 5) the rotor eccentricity and the

flexibility of the rotor {1561,

In addition, mechanical load can have eccentricity or it can induce vibration due to its
mechanical structure or the load can process maierials that give shocks to the motor axle or to the
stator frame (crushers, pumps, etc.) The vibration components caused by normal operation

should be considered and separated from the machine fault induced vibration [34].

Overall vibration level monitoring is quite commonly used [151]. The overall limits for vibration
are given by the international standard ISO 10816-1 [67]. which define the RMS velocity limits
for the good, allowable, just tolerable and not permissible classes. Overall level monitoring offers
quite limited mcans for condition monitoring, because it cannot reveal incipient faults. On the
other hand, many non-cyclic bearing faults increase the overall vibration level and the vibration
is spread over a wide frequency range so that fiequency analysis alone cannot reveal the fault

[156].

2.3.1. BACKGROUND VIBRATIONS

Background vibration or vibration originating outside the machine is the first possiblc cause of
non-repeatability. Some machine bedplates, for example pumps mounted on a thin cover sheet,
are notoriously responsive for the running condition of nearby machines. Vibration can easily be

transmiited through interconnecting pipework. which respond to pulsating forces [152].

On some machines the vibration level is quite high even with the machine shut-down. One way

to overcome this problem of variable measurement is to ensure that the vibration levels are

obtained with the machine both offline and online. Another method is to provide isolation
168
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For meaningful trend results the background vibration should be small compared to that
experienced when running. A beat occasionally occurs in the vibration level due to interaction

between machines running at slightly different speeds [130].

2.3.2. EFFECT OF MACHINE SPEED, LOAD, ETC.
The measurement of consistent results on variable speed and load machines are very difficult.
The machine should be brought back to the same condition, before the measurements are taken,

otherwise the effect of changes in speed and load on the measurements must be taken into account.

Speed can affect overall level results, when running in the proximity of the resonant or critical
speed of the machine or its support. On high speed turbines, even changing the temperature of
the lubricating oil can have a dramatic effect, especially when the machine is prone to instability
originating in the bearings [130]. Similarly seme machines are prone to changes in load. For
example process pumps running well away from their maximum efficiency point, can generate a
significant frequency component at Vane passage frequency. which can vary from reading to

reading [64].

2.3.3. VARIATION OF SIGNAL AT CONSTANT OPERATING CONDITIONS

Most signals in the real world consist of a combination of two types of signals. namely a
“deterministic’ portion, which is usually the signal of interest and a ‘random’ portion, which is
generally considered as noise. Time domain averaging and process domain averaging can be

used to enhance the two different parts of the signal [64].

2331, TIME DOMAIN AVERAGING

Time domain averaging means the data is averaged as it is acquired by the instrument, before
processing commences. [t should only be used when the signal is repetitive and a consistent
trigger point 1s available. The signal-to-noise ratio (SNR) can be improved. Time averaging is
particularly useful in the analysis of signals from faulty gearboxes. It cannot be used with
success on rolling bearings, since there is not a purely rolling action and there is a small amount

of slip of the roller on the track [28].



CONDITION MONITORING 2.6

2.3.3.2. PROCESS DOMAIN AVERAGING

A statistically more accurate estimate of the signal can be obtained through process domain
averaging. The SNR will not be improved. Each time a process is executed, the individual values
of the output can vary to some degree. For example. the values in each line of a spectral output
can show some variation in amplitude although tending towards a mean value. Averaging will

provide a betier estimate of this mean value.

The time taken to acquire one memory period in spectrum analysis depends on the number of
lines chosen for the spectrum (i.e. resolution), and the frequency range taken {99]:

_ Number of lines

t

2.1

B Frequency range
The number of averages (or memory periods), which should be taken depends on the variability
of the data, and obviously affects the time taken to complete the measurements. In practice, it is
found that on most machines a number of averages, corresponding to a 30 second measuring

period, is adequate to provide consistent data [130].

2.3.4. TEMPERATURE EFFECTS
A high impedance accelerometer can be used up to a temperature of 250 °C. A normally used
low-impedance accelerometer with built-in electronics is not recommended for use as a roving

pick-up on hot surfaces (more than 100 °C) {130].

It is recommended that an accelerometer with a good thermal stability is used if machines with
hot surfaces are to be measured. Normally accclerometers which use the piezo-electric crystal in
a shear configuration have better thermai stability than those using the crystal in compression.,
The bearings of an AMB system are designed to withstand certain temperatures. High temperature

sensors are recommended for AMB systems operating under high temperature conditions [145].

2.3.5. SPURIOUS LOW FREQUENCY ‘SKI-SLOPE’ EFFECT

A problem which is quite often encountered in taking measurements is the generation of low
frequency noise. [t is particularly noticeable, when the acceleration signal is integrated and with
low frequency ranges (e.g. 0 — 200 Hz). For a decrease in frequency by a factor of 10, the noise
floor will increase by 10 for acceleration, but by 100 for velocity. Typical noise are the following:
1) base strain effects (affected by ambient conditions and thermal transients), 2) power supply

effects (i.e. transient caused by switching on the power supply) and 3} cable noise (86].
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2.3.6. EVALUATION STANDARD FOR VIBRATION MONITORING

The machine condition can be determined by using the effective value of the vibration velocity.
This value can be determined by almost all conventional vibration measurement devices. The
international standard for mechanical vibration on non-rotating machines (ISO 10816-3)
separates machines into the following groups that take the type of installation into account [68]:
A) the vibration values from machines are put into operation, B) machines can run in continuous
operation without any restrictions, C) vibration values indicate that for a limited peried of time
the machine condition is not suitable for continuous operation and corrective measures should be

taken at the next opportunity and D) dangerous vibration values and damage could occur to the
machine [66], [67].

2.4, CONDITION MONITORING ANALYSIS METHODS

Various analysis methods exist for the condition monitoring of machines. These methods can be
divided into deterministic and non-deterministic methods [120]. Deterministic means that the
physical parameters of the object determine the condition estimate with the aid of heuristics and
calculations directly. Deterministic methods include parameter estimation, rule-based methods.
fuzzy-logic and mathematical modelling. A diagram showing the different condition monitoring

analysis methods 1s provided in figure 2.2.

Non-deterministic means that a significant degree of contingency or unknown determining
factors exist. The measured quantity does therefore not determine the condition directly. Non-
deterministic methods include probability distributions and artificial neural networks. Non-

deterministic methods often use statistical pattern classification for decision-making [36].

Condition analysis procedure often includes both types of analyses. Often, based on some
deterministic model, the values describing the condition are formed. These values are then post

processed with non-deterministic methods (e.g. in the article of Kyusung [84]).
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Figure 2.2: Condition monitoring analysis methods.

2.4.1. DETERMINISTIC APPROACH

A determinjstic approach (shown in figure 2.2) based on known machine parameters, parameter
estimation, physical characters and operational values is suitable for indication of faults that have
a definite limit to distinguish faulty and healthy conditions. This is possible especially in cases,
where the measurement i$ closely connected to a physical phenomenon or an indication is based

on estimated values and a mathematical mode] [10].

A purely deterministic approach becomes difficult if indication of incipient faults has to be
automated. A visual inspection of spectrum components can reveal a fault that cannot be given

by deterministic limits or equattons [45].

Turn-to-turn faults are an example of faults that can be indicated by a purely deterministic
approach. Symmetrical components of current can be calculated when at least two phase currents
are measured (and no earth fault is present). A negative sequence current can indicate turn-to-turn
faults or asymmetric supply [61]. It is necessary to recognise the characteristic negative sequence
impedance offline to avoid a false positive fault indication. In the article by Kliman [79], this is

done with the calculation of the characteristic negative sequence impedance in a healthy condition,
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Fuzzy logic has been used in the condition monitoring analyses by Mechefske [101] and
Benbouzid [11]. Mechefske used fuzzy logic in order to classify frequency spectra derived from
a vibration signal from a low speed bearing. Fuzzy memberships were formed using the average
and standard deviation of each useful frequency component from healthy and different faulty

case measurements.

2.4.2. STATISTICAL ANALYSIS APPROACH

Statistical methods (shown in figure 2.1) are often used in order to indicate faults. Statistical
analysis is performed on the measured quantity directly or to the quantity derived from measures.
The use of statistical analysis using an artificial neural network (ANN) has been demonstrated
(e.g. in the article of Chow [25]) in which a neural network indication of a bearing fault is
presented. Schoen [143] has used ANN and the stator current measurement in order to indicate

rotor eccentricity.

Paya and Esat [i21] have used ANNs in fault diagnostics using Wavelets in order to pre—process
the vibration signal. The main difficuities of ANNs are that educational data are case specific

and other factors than faults can cause conditions that indicate faults.

A comparison between the deterministic autoregressive modelling technique and the ANN
technique is made in research of Baillie [9]. Other statistical methods that are used in condition
monitoring include clustering of data [124], statistical discriminant analysis and Hidden Markov

models [117].

A time-frequency analysis can be used when the changes in measured quantities are small and
time variant. This 1s a normal situation in the case of very incipient faults or when the measured
quantity is weakly linked to faults. Time-frequency transformation is most often performed by
the short time Fourier transform (STFT) or by Wavelet transform (WT). The indication of faults
in time-frequency analysis can be automated by using, multi layer perceptron (MLP) neural
network or statistical pattern recognition methods such as discriminant analysis or self-
organising maps (SOM)} [122]. [168]. More detail on statistical analysis methods is available in

chapter 4.
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2.5. CONDITION MONITORING MEASUREMENTS

If the condition monitoring of an electric machine is based on measurements there are two ways
to indicate an alarm level for deterioration. The first one is the use of alarm limits on a measured
or analysed quantity and the other is the change in the long-term trend of measurements, which
indicates change in the motor or drive. Measurements can be analysed 1 time- or frequency

domain or in combination of these (time-frequency analysis) [119].

The following arc some of the quantities that indicate the condition of an electrical motor:
1) stator current, 2) power, 3) axial, stray and air gap flux, 4) electrical and mechanical torgue,
5) vibration, 6) temperature and 7) rotational velocity. Some of the techniques that indicate the
condition of an electrical motor are: 1) electrical and magnetic techniques, 2) measurement of the

rotor displacement, 4) temperature images, 5) chemical analysis and 6} visual inspection [50}.

Online condition monitoring can utilise all of the listed techniques. However, some of these
techniques require expensive devices and are therefore used mostly for the monitoring of big
generators (partial discharge, gas analysis, etc.). In addition, some methods require installation
that can be made only when the motor is disassembled. For example, an air gap {lux measurcment

requires a sensor in the air gap, but the axial flux can be measured outside the motor frame [81].

2.6. NOISE FILTERING DURING CONDITION MONITORING

When analysing the complicated vibration produced by several machines, the measurement of
periodic components embedded in noise becomes a problem. If the frequencics and amplitudes
of any periodic components in the vibration can be measured, then this is the first step towards

tracing their origins [25].

A problem that may arise is that associated with the round-off error through calculation. In
situations where the detection of weak components is required, it may be more appropriate to
separate and classify all possible sought waveforms, before performing any kind of filtering or

smoothing operation on the signal [31].

[f this is not carried out beforehand. the weak components of the signal that need to be identified
may be eliminated, particularly when applying an average to a signal with very weak components,
embedded in high-level noise. This would be likely to occur, because the quantization and
round-off errors, through the averaging process, may eliminate the little difference there is

between those signals which have weak components and thase which do not [31].
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A basic techrique used for noise filtering is based on a time-averaging procedure. It is important
to point out that with this technique, if the correct phase synchronisation is not carrted out, the
specific component that is being sought will be eliminated. Furthermore. when one attempts to
analyse the whole spectrum signature, it is necessary to perform a phase synchronisation for each

component present in the signal, and this may be rather impractical [12].

According to Bendat and Piersol {12], this procedure is also problematic when applied to signais
which have non-stationary components present, as they can generate severely distorted results.
This is the case of the petroleﬁm welihead vibration (described by Bendat and Piersol), which
includes components caused by fluid slug vibration. In these situations, Bendat and Picrsol argue
that there may be a strong temptation in analysing non-stationary data to treat it as if the data

were a sample record from a stationary random process.

2.7. CONCLUSION
This chapter provided the reader with background information on condition menitoring and
discussed the effect of machine speed and load on the vibration level. The low frequency “ski-

slope” effect was also discussed.

Condition monitoring is divided into offline and online monitoring. Periodical condition
monitoring can be performed offline or online, but continuous monitoring is performed online.
As mentioned in the rescarch methodology section (section 1.5) of chapter 1, condition
monitoring was performed over a period of three years on the 250 kW water cooling AMB

pump. This monitoring can be categorised as online continuous.

Predictive maintenance detects deterioration and proactive maintenance aims to improve the
objeet (process) so that the probability of the damage is decreased in the future, The three online
fault schemes performed predictive maintenance which is proactive in nature, since the schemes

detected and corrected the fault,

The research performed in this thesis mainly focuses on vibration monitoring. Vibration
monitoring is one of a number of online condition monitoring techniques. Various international
standards for the mechanical vibration of non-rotating and rotating machines exist, which can be

used to categorise the vibration level of a machine.

Condition monitoring analysis methods can be broadly divided into deterministic and non-

deterministic methods. More detail on these methods is available in chapter 4.



CHAPTER3
ACTIVE MAGNETIC BEARINGS

3.1. INTRODUCTION

This chapter provides an overview of the operation and benefits of active magnetic bearing
(AMB) systems. Faults on AMB systems are classified into internal and extemal. Detatled
explanations on each of these classifications are provided. The limitations of AMB systems and

measures for reducing risks of fatlure are also discussed.

An AMB is a mechatronical system and contains inforination processing components, software
and feedback loops [144]. AMBs have become established in bearing technology over the past
few vears. Radial loads or thrust loads are acquired by utilising a magnetic field to support the

shaft rather than a mechanical force as in fluid film or rolling clement bearings {4].

An AMB system constitutes four basic components [70]: (1) magnetic actuator, (2} electronic
control, (3) power amplifier and (4) rotor displacement sensor. In many ways, magnetic bearing
components resemble electric motors with the basic magnetic actuator being constructed of soft
ferromagnetic material which is electromagnetically activated by a coil of wire {48]. An AMB
typically consists of three or more electromagnets, each of which exerts an attractive force on the

ferromagnetic rotor, levitating it without contact.

In particular, AMBs need extensive improvements in rcliability for wide and safe field
application. This requirement can be met by improving the individual reliubility of each

component or by introducing an intelligent system capable of fault detection and diagnosis {73].

Magnetic bearings are non-containing, which means they have negligible friction loss, no wear,
and higher reliability. Magnetic bearings enable previously unachievable surface speeds to be
attained. Lubrication is eliminated, meaning that these bearings can be incorporated into
processes that are sensitive to contamination, such as the vacuum chambers in which many

semiconductor manufucturing processes take place [48).

Magnetic bearings are inherently unstable and require active control to ensure proper levitation.

Compared to conventional bearings, magnetic bearings have relatively low stiffness.

-— 3l
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Magnetic bearings are more expensive and bulkier than conventional bearings, mainly due to the

size of the magnets needed [77].

Stiffness, damping and force characteristics of the bearing can be adapted 10 actual machine

operating conditions by adaptive control strategies, easily implemented into the feedback control

device [85].

The condition monitoring system is normally not an integral part of conventional systems, such
as motors and turbomachinery, but AMB systems are ideally suited for diagnosis and correction,
since the bearing system is already equipped with sensors and actuators, which provide the exact

displacement and current values during machine operation [2].

The sensor signals (which are usually used for control purposes) can be analyzed to obtain
information on the system’s operating condition. Furthermore the bearing magnets can be used
to apply test signals to the system, the response which can again be analyzed, yielding detailed
information about the system that allows for identification of complete system dynamics and

detection of changes in system behaviour [47].

The growth in the area of industrial appiications of AMB systems caused an increase in the
demand of highly reliable systems at any operating conditions. AMBs are currently applied to
high-speed rotating machinery, like turbo pumps [54]. flywheels for energy storage [3] and turbo

compressors [96].

3.2. FIRST PRACTICAL MAGNETIC BEARING
Beams [159] developed the first practical magnetic suspension for high speed rotating devices.
These devices include high speed rotating mirrors, ultracentrifuges and high speed centrifugal

field rotors.

Beams further employed magnetic suspension as a means to carry out extensive experiments on
physical properties in areas of isotope separation, biophysics, materials science and gravitational
physics. He typically thought of ways to modify and improve experimental equipment. The

improved equipment then provided much better experimental results [6].
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3.3. OPERATION OF AN AMB
Figure 3.1 provides a layout of the operation of an AMB, where the stator, rotor and flux path
can be seen. AMBs operate on the principle that ferromagnetic particles are attracted by an

electromagnet [132].
This property of the rotor makes it ideal for a rotor to be supported by an electromagnet in the

stator of a motor. The purpose of the electromagnet is 1o apply a force on the rotor to maintain a

constant air gap between the rotor and the stator [97].

Stator

Flux path

Figure 3.1: Operation of an AMB (132

As the air gap between these two parts decreases, the attractive force increases, therefore,
electromagnets arc inherently unstable. A control system is needed to regulate the current and

provide stability of the forces and position of the rotor [73].

The control process begins by measurement of the rotor position by means of a position sensor.
The signal from this device is received by control electronics, which compares it to the desired
position during machine start-up. Any differences between these two signals result in calculation

of the force necessary to pull the rotor back to the desired position {85].

The position error is translated into two commands to the power amplifiers connected to the
magnetic bearing stator. The current is increased in the one power amplifier, causing an increase
in magnetic flux, an increase in the forces between the rotating and stationary components, and
finally, movement of the rotor toward the stator along the axis of control. While the current in
the one power amplifier increases, the current in the other power amplifier decreases with the

inverse effect {591.
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Since the natural tendency of the stator is to attract the rotor until it makes contact, some control
action is required to modulate the magnetic field and maintain the rotor in the desired position.
The most common type of control involves the feedback of shaft position. This information is
then used by the control system to modulate the magnetic field through power amplifiers, so that

the desired rotor position is maintained even under changing shaft load conditions [87].
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' Amplifier J § ‘ Sensing :
T |

e :

|
- DA f

Position
Reference ;
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'{\l(/v' L AD > Controller

D/A Bearing
‘ Stator
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Figure 3.2: An active magnetic bearing system [130]

An AMB system constitutes magnetic actuators, position sensors, a control systemn and power
amplifiers. as shown in the figure 3.2. The bearing actuators and sensors are located in the

machine, while the control system and amplifiers are generally located remotely [130].

3.4. BACKGROUND ON BEARINGS AND SENSORS
To provide support in more than one direction, magnetic poles are oriented about the periphery

of a radial bearing as shown in figure 3.3.

Radial bearing construction is very similar to that of an electric motor, involving the use of
stacked steel laminations, around which power coils are wound. Stacked laminations are also
used in the rotor 1o minimize eddy current losses, which are a small source of drag in a magnetic

bearing and cause localized heating on the rotor [90].
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The sensors are also oriented about the periphery of the stator, usually inside a ring or individual
wbes mounted adjacent to the actuator poles. Position sensors are used, that measure the distance
of the air gap between the sensor and the rotor laminations. Two measurements are taken for

cach radial axis and the rotor center position is calculated by means of a bridge circuit [3].

A typical rotating machine will cxperience forces in both the radial and axial directions.
Typically, a 5-axis orientation of bearings is used, incorporating 2 radial bearings of 2 axes each,

and 1 thrust bearing. The orientation of these axes is shown in figure 3.4.
w2 V2

72 Non-Drive End

W1 v

Wa

Drive-End Z1 va

V3 W3

Figure 3.4: 5-axis orientation of a magnetic bearing }153]

Thrust bearings provide a magnetic flux path in the axial direction, between 2 stators orienied on
either side of a thrust rotor (or disc). This is then mounted on the rotating shaft as shown in

figure 3.5. An axial sensor measures the position of the shaft [77].
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Figure 3.5: Thrust bearing [132]
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3.5. BENEFITS OF ACTIVE MAGNETIC BEARINGS

The following section provides some benefits of AMB systems.

3.5.]. HIGH RELIABILITY

With magnetic bearings there is no contact between the rotating and stationary parts, meaning
there is no wear. In most cases failure modes are limited to control electronics, power
electronics, and electrical windings. These components have design lives far greater than that of

conventional bearings [148].

Magnetic bearings are fitted with protective retainer (backup) bearings and have built-in
overload protection. Magnetic bearings can signal process control equipment to stop the machine

instantaneously in the case of excessive load {29].

Magnetic bearings provide high reliability and long service intervals in time critical applications
for semiconductor manufacturing, vacuum pumps, and natural gas pipeline compression

equipment [165].

Users are aware that, beyond function. the aspects of safety and related areas become
increasingly important. Safety is more than a mere technical issue. It contains a strong

component of psychological interpretation, and expectations as to safety are running very high.
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Reliability on the other hand appears to be more amenable to engineering calculations and to

economic considerations {23].

Mathematical tools for assessing reliability of classical technical systems, and performance
numbers for comparing them, such as mean time between failures, are readily available. The
reliability analysis of given technical structures and systems, consisting of a more or less large

number of classical components, is rather well developed {76].

3.5.2. CLEAN ENVIRONMENTS
In a magnetic bearing system, particle generation due to wear and the need for lubrication are
eliminated. There is therefore no chance of contaminating a clean process with oil, grease or

solid particles {137).

Magnetic bearings offer a dry, clean and economic solution for semiconductor fabrication
equipment, vacuum pumps, gas and air compressors, and various other turbo machines that

require submersion in process fluid, even under pressure [33].

3.5.3. HIGH SPEED APPLICATIONS

The fact that a rotor spins in space without contact with the stator means drag on the rotor is
minimal. That opens up the opportunity for the bearing to run at exceptionally high speeds,
where the only limitation becomes the yield strength of the rotor material [137]. Please note

windage losses under limitations of magnetic bearings (section 3.6.4),

3.54. POSITION AND VIBRATION CONTROL
Magnetic bearings use advanced control algorithms to influence the motion of the shaft and

therefore have inherent capability to precisely control the position of the shaft within microns

and to virtually eliminate vibrations {78].

3.5.5. EQUIPMENT DESIGN. DEVELOPMENT AND TESTING

A magnetic bearing sysiem can be used as an exciter, where the bearing force is modulated for
deliberately exciting vibrations. The excitation force is applied to the rotor without contact and
can be measured precisely. This makes magnetic bearings a valuable tool in equipment design,

development and testing as well as in rotor dynamic research [133].
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3.5.6. MACHINE DIAGNOSTICS

In order to function, a magnetic bearing must determine rotor position, rotor vibration and
bearing load. This information is processed into an electronic database which provides an output
to the end users, such that there is a constant knowledge of the operating state of the machine.

This allows the user to detect incipient faults, plan maintenance and optimise performance [137].

3.5.7. ELIMINATION OF OGIL SUPPLY
Magnetic bearings do not require oil lubrication so they are well suited to applications such as
canned pumps, turbo-molecular vacuum pumps, turbo-expanders and centrifuges where oil

cannot be employed [4].

3.5.8. LOW POWER CONSUMPTION AND LONG LIFE
There is no contact between the rotor and stator, this means no wear. Where fluid film bearings
have high friction losses due to the oil shearing effects, magnetic bearing losses are due to low

level air drag, eddy currents and hysteresis [78].

Also the losses associated with o1l pumps, filters and piping are much greater than the power
associated with controls and power amplifiers. Overall, magnetic bearings normally have an

order of magnitude lower power consumption than oil film bearings [4].

3.5.9. LOW WEIGHT
A recent study of aircraft gas turbine engines indicates that the elimination of oil supply and

associated components with magnetic bearings could reduce the engine weight by approximately

25 % [4].

3.5.10. EXTREME CONDITIONS

The following section provides some extreme conditions of AMB systems.

3.5.10.1. TEMPERATURE
The magnetic bearing system is capable of operating through an extremely wide temperature
range. Magnetic bearings can operate as low as -256 °C and as high as 220 °C, thus allowing

operation where traditional bearings will not function [3].



ACTIVE MAGNETIC BEARINGS 3.9

3.3.10.2. CORROSIVE FLUIDS

Magnetic bearings can operate in corrosive environments by means of canning both the

stationary and rotating parts [169].

3.5.10.3. PRESSURE

Magnetic bearings are virtually insensitive to pressure. They can be submerged in process fluid
under pressure without the need for seals, as is the case with conventional bearings. Magnetic
bearings can also operate in vacuum where their operation js even more efficient due to lack of

windage [4].

3.6. LIMITATIONS OF ACTIVE MAGNETIC BEARINGS

3.6.1. LARGER BEARINGS

Magnetic bearings have a specific load capacity (maximum load per unit of area of application)
lower than most conventional bearing systems which results in bearings that are physically larger
than other similarly specified bearings. Magnetic bearings therefore have a lower load capacity

[4], [149].

3.62. HIGHER COMPLEXITY AND COST
The higher complexity of magnetic bearings often means the initial purchase price s higher than
competing technologies. However, magnetic bearings’ life cycle cost can often be less than

traditional bearings. This is particularly true where the alfernatives are exotic bearings [4]. {7].

3.6.3. REQUIRES ELECTRICAL POWER

Magnetic bearings require power to drive the control systems, sensors and electromagnets [165].

3.6.4. WINDAGE LOSSES

At high rotating speed, windage (friction between moving parts and air) becomes a problem. For
inline electric motors the circumferential speed needs to be limited not due to the malerial
strength but due to high windage losses at the motor surface. These windage losses increase

linearly with pressure [103].

Modern flywheel uninterruptible power supplies has a useful power delivery for 10 to 50
seconds, a maximum surface speed of 122 m/s and windage losses over 1 kW for systems not

operating 1n a vacuum {109].
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3.7.  FAULTS ON ACTIVE MAGNETIC BEARINGS
System faults can be broadly classified as either internal or external to the magnetic bearing
control system. This classification then relates to the way in which the faults can be dealt with

following occurrence.

3.7.1. EXTERNAL FAULTS

Faults that are external to the magnetic bearing/control system do not generally require any
reconfiguration of the control system itself although some adjustment or adaptation of the control
algorithm may improve operation. Consideration of abnormal, or fault related, system
disturbances in the controller design will also improve robustness to certain aberrations from

normal operating conditions [83].

Faults are considered to be external when either the fault manifests itseif as, or the effect of the
fault can be replicated by, some external vibration (disturbance) acting on the system. These
disturbances will always have a transient component and possibly a steady state component.

Typical faults that can be classified in this way include the following:

3.7.1.1.  ROTOR IMPACT

A direct impact of the rotor with a foreign body could occur in a number of applications. For
example, a pump or turbine fluid/air intake could be contaminated with solid matter, This type of
fault would result in an impulsive force acting directly on the rotor, the magnitude of which

would depend on velocity, mass and material hardness {29].

3.7.1.2.  ROTOR MASS LOSS (LOAD UNBALANCE)

This type of fault is well documented for high-speed turbines where loss of compressor or
turbine blades, though uncommon, can occur. Typically, sudden loss of a blade occurs due to a
fracture at the blade root. This can be modelled by a step change in amplitude of the synchronous

forces acting on the rotor [51].

3.7.1.3.  MOTION OF SYSTEM BASE (FOUNDATION LOOSENESS)

Motion of the system base. on which the bearings are mounted, can occur in various applications
and environments [148]. In transport applications, motion of the vehicle will be transmitted to
internally mounted machines. Base motion may also arise from external vibration sources (e.g.

other machines), seismic events and accidental impacts or explosions [46].



ACTIVE MAGNETIC BEARINGS 3.11

3714, ROTOR DEFORMATION

Deformation of the rotor while in operation could occur for a number of reasons. For example, a
plastic deformation of the rotor or ancillary component may occur due to excessive
loading/wear. Another possibility is thermal deformation. for example, due to rotor rub. This
effect can be modelled by synchronous forces acting directly on the rotor, but for control

purposes should not be treated the same as unbalance [62].

3.7.15, SUDDEN CHANGES IN LOADING (OVERHUNG ROTOR)

A change in the steady state load could occur due to some fault conditions. For example, in
compressor or pump applications, a sudden change in fluid pressurcs due to an external fault or
error will result in a step-change in the axial rotor loading. Rotor mass loss events will also cause

a step change in mean loading due to a change in the total weight of the rotor [10],

3.7.1.6. ROTOR RUB

Contact of the rotor with stationary components causes vibration both of the rotor and the
surrounding ancillaries. This may occur for a variety of reasons e.g. rotor deformation, unbalance
changes or component damage. It will generally be characterised by directly forced rotor
vibration, mainly at the synchronous frequency, although sub-harmonics and higher frequencies
will also be present. Rotor rub can significantly alter the closed loop dynamics of the system and

if so, treatment as an external fault may be inappropriate [139].

37.1.7.  BENTROTOR

In the case of a bent rotor, the excitation is proportional to the magnitude of the bow along the
rotor [38]. [50). A bent rotor gives rise to synchronous excitation, as with mass unbalance. and
the relative phase between the bend and the unbalance causes different changes of phase angle

through resonance than would bc seen in the pure unbalance case. as described in [111], [112].

3.7.1.8.  MISALIGNMENT

Misalignment occurs when there are geometry changes due to assembly procedures.
Misalignment is typically caused by the following conditions [94]:

m ]naccurate assembly of components, such as motors. pumps, efc.

= Relative position of components shifting after assembly

®» Distortion due to forces exerted by piping

» Distortion of flexible supports due 1o torque

» Temperature induced growth of machine structure

* (oupling face not perpendicular to the shaft axis

= Soft foot, where the machine shifts when hold down bolts are torqued.
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If the machine speed is varied, the vibration due to imbalance will vary as the square of the
speed. If the speed 1s doubled, the imbalance component will rise by a factor of four, while

misalighment-induced vibration will not change in leve! [49].

3.7.1.9. ROTOR FAULTS

Mechanical faults 1n the system could be catastrophic if the system cannot retain adequate
control. Possible faults of this nature include fatigue, cracking, deformation of the rotor or
detachment of part of the rotor. Also. problems not dircctly attributable to the rotor can occur.
such as external rubbing. ancillary parts becoming loose or unexpected impacts or loading.
Mechanical abnormalities in the rotor can be considered as a variation in system parameters. As
such, there is a realistic chance that these types of faults can be included in robustness

specifications during the controller design stage {30].

3.7.2. INTERNAL FAUILTS

3.7.2.1.  POWER AMPLIFIER FAILURE OR MALFUNCTION

Ta power each magnet coil, a solid statc amplifier is commonly used. Although, these units are
inherenily reliable, their dynamic performance depends on a number of variables (e.g. ambient
temperature and power demand). The amplifiers are usually configured for either voltage or
current control. When amplifiers and magnet poles are configured in opposing pairs, loss of a
single amplifier and pole will result in an atuactive force from the remaining opposite pole.

Unless this can be turned oif quickly the rotor will collide with the backup bearings {70].

Actuator faults in AMB systems may have a number of causes. Problems may arise in any point
in the series connection of amplifier, wiring, and coil. Connectors or cables may fail, amplifiers
and fuses may burn. For experimental purposes actuator faults can be restricted to open circuit
failures that can be tolerated by the system, ie. failures of a lower sensor coil such that the

current suddenly goes to zero [30].

Without correction, such a failure can be modelled as a decrease in bearing stiffness combined
with the disahility to exert downward forces onto the rotor, as a consequence of the changes in
the actuator. The system may become unstable in one channel (axis). As the case with
uncorrected sensor fanlts, unstable behaviour with violent crashes of the rotor against the retainer

(backup) bearings is the consequence [90}.
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3.7.22. TRANSDUCER MALFUNCTIONS (SENSOR FAILURE)

The malfunction of a transducer could produce a variety of erroneous signals. However, a short
circuit or an open circuit is likely to produce a dc signal. Other than an electrical fault, physical
damage or deterioration is a likely cause of sensor malfunction. For example, damage to the shaft

at the measurement surface will affect proximity detectors [1].

Without correction, failure of a sensor leads to the controller being provided with incorrect
position information. As a consequence, the controller sets up inappropriate reference currents,
which inevitably entails a destabilization of the system. Violent crashes of the rotor against the

retainer (backup) bearings arc the consequence [77].

The electronics may fail or the signals may be disturbed, most often by excessive noise from

electromagnetic sources, which are mistaken as sensor signals.

3.7.23.  LOSS OF /O BOARD CIHANNEL
The complete loss of a channel on the computer input/output board would produce an undefined
control input or output signal. A possible cause of this type of fault would be a circuit break or

short in the connection cable [15].

37.24. BEARING MAGNET COIL FAILURES
The failure of a magnet coil usually occurs due to a breakdown in winding insulation, resulting
in a short circuit. Depending on where the short occurs, there will be a reduction in the number

of eftective coil windings [131}.

3.7.2.5.  COMPUTER SOFTWARE ERRORS (CONTROLLER FAILURE)

Real-time control software can be susceptible to latent programming errors that may arise
unexpectedly and may be difficult to pre-detect. These types of errors will result, at best, in
unpredictable behaviour or, at worst, in program termination. The key to avoiding this type of
situation is well structured programming and thorough program testing. Code can be written with

a certain degrec of built in tolerance to run-time errors [22].

However, a complete program execution failure would require a redundant microprocessor to
take over control [167]. The alternative is to rapidly restart the processor, which would require
reloading of the control program, initialising and restarting. It is doubtful whether this could be

achieved in the necessary time-scale [1435].
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Examples of software failures are a system breakdown, run-time exceptions, i.e. address errors
and bus time-out, or incompatible program versions. The software area is least covered by

systematic approaches to improve its reliability {29).

3.72.6. COMPUTER HARDWARI FAILURES
A failure of microprocessor hardware is relatively uncommon, but would probably have similar
consequences 10 a program termination. Again the only alternative for dealing with this tvpe of

problem would be if back-up hardware were available to take over the control operation {35].

3.8. MEASURES FOR REDUCING RISKS OF FAILURE

The following section provides measures for reducing risks of failure.

3.8.1. QUALITY CONTROL AND STANDARDS

An overall approach for systematically introducing quality aspects into the design. production
and operation of products and systems, are standardized procedures as described in the ISO 9000
series [66]). A company or an establishment following the procedures of ISO 9000 can be
recognized as a certified institution with a defined quality level. In addition the 1SO 14839
provides information and standards on mechanical vibration of rotating machincry equipped with

active magnetic bearings [70].

3.8.2. SYSTEMATIC CHECK OF THE DESIGN

A classical method to ensure best practice of the state of the art is to use the FMECA approach
for checking the design, i.e., to do a Fatlure Modes, Effects, and Criticality Anaiysis. In this
approach a group of experts with different background, from design, production, test, repair, and

potential users, are evaluating the design or the produet [153}.

They have to identify potential failure modes, determine the effects and consequences of such
failures and their criticality, and suggest modifications of the design to improve it. There are
various standards and specifications on how to proceed in detail, depending on the application
areas (see for example the military standard procedures MIL-STD-1629A [66]). FMECA is an
integral part of any QS 9000 compliant quality system [126].
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3.8.3. SOFTWARE DEVELOPMENT SYSTEM
In a mechatronic system, software is an integral part of the system and has to be developed and
implemented. The software has to be logically correct, and the operating system should take care

of the syntax. In addition to that, the correct time sequence of the computational tasks is most

essential in real time applications [107].

For industrial AMB applications most often proprietary software is running on single chip digital
signal processors (DSP) giving an efficient and economic solution, which is dedicated to specific
tasks with well-defined constraints. For experimental application the tasks usually are much

more diverse, sometimes complex and require a versatile sotution [94].

For complex tasks it may not be sufticient to just use a high-speed computer with high sampling
frequency and assume that this is adequate for real time operation. It might be better to use a real
time operating system (RTOS) from the onset in order to develop and finally operate the
software. Such RTOS arc available in various versions, such as dSPACE®, RTLinux@, X072%

and VxWorks" [108].

3.84. REDUNDANCY

One way of improving reliability is to use redundant components and redundant information.
There are two different kinds of redundancy. If the failure of a single component cannot be
corrected and is critical for the system’s safety, the function of this component should be
guaranteed by redundant hardware. Two or more of these same components have to be arranged

in paraliel, in order to replace any failed compaonent {33}.

Appropriate failure detection and swilchover schemes are crucial, and the increase in the number
of components actually counteracts the overall reliability to some extent. If the function of a
component is at least partially performed by another component as well, then the functional
relation between these components can be used as an analytical redundancy to replace the failed

component partially, or to reduce the extent and cost of a hardware redundancy (44].

If the rotor is driven by a motor drive, swilching the motor from its drive mode to generator
mode can supply sufficient electrical power to the system again, until the rotor ¢an coast down

salely in its retainer bearings [87].
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Diagnostics and identification tools are being used for fault detection of various kinds of fault-
tolerant control systems. A general introduction is given in {16} and [22]. In magnetic bearings,
faults on redundant sensors and actuators and other redundant machine components have been

detected and corrected, see [29], {90], {107} and [140].

3.9. FUTURE AMB CONTROL TECHNOLOGIES
Future AMB control technologies are likely to be driven by [87]: (1) higher operating speeds, (2)

lower power loss, (3) greater use of available clearance, (4) generalised actuation, sensing and

control and (5) control of unbalance response.

3.9.1. HIGHER OPERATING SPEEDS

Magpnetic bearings already permit higher operating speeds than conventional bearings. However,
the demand for even greater speed is strong, e.g., for energy storage flywhee! systems for electric
vehicles. Higher rotational speed implies a greater rotor gyroscopic effect which results in the

plant being linear parameter-varying (LPV) {1138].

3.92. LOWER POWER LOSS
Lower power loss is especially important for high-speed applications, since rotation of the rotor
in a supporting magnetic field can cause significant losses which result in reduced machine

efficiency and excessive rotor heating {109].

A common appreach to improve the force slew rate is to introduce a bias current {(or flux o).

With a bias, the actuator may also be accurately modelled as licear. The disadvantage of

operation with a bias is the associated ohmic loss in the cotl (f 2R « ¢*), rotating hysteresis loss

(e ¢ ). alternating hysteresis loss (¢ ¢'*), and eddy current loss (o< ¢°) [166].

Far high spced rotating machinery, the eddy current loss is dominant; herein wc rcfer to it as the
rotating loss. This rotating loss may result in excessive rotor heating. Moreover, it results in
decreased machine efficiency. Thus, operation without bias is appealing in applications where

efficiency is critical, for example energy storage flywheels [166].



ACTIVE MAGNETIC BEARINGS 3.17

3.9.3. GREATER USE OF AVAILABLE AIR GAP

Most industrial magnetic bearing systems use a large air gap during operation. A larger air gap
(e.g. 1 mm) results in greater actuator linearity near the centered position and thus simplifies
control design and tuning. However to reduce bearing size, weight and power consumption, it is
desirable to use a smaller air gap during operation. For some applications, such as precision

positioning plaiforms the required motion may be large and a reduction of the bearing size may
not be possible [142].

394, GENERALISED ACTUATION, SENSING AND CONTROL
For every axis of motion there has been a devoted sensor, actuator and control system, each
performing a single operation. Recently there has been a shift away from this approach. For

example, magnetic actuators are used to inductively sense position as well as apply forces {90].

Motor and bearing functions are achieved with a single actuator. Direct digital control of
amplitier switching is used to eliminate the separate amplifier servo-control loop, thus
combining the amplifier and rotor controllers. The advantages of these generalised actuation,

sensing and control methods are reduced cost and increased design flexibility [80].

3.9.5. CONTROL OF UNBALANCED RESPONSE

Control of unbalanced response has been an area of intense research over the last few years.
which requires substantial laboratory and industrial cxperience to provide a good outcome.
Herzog er al. [54] propose a generalized notch filter to be used in a redundant multivariable
feedback loop to reduce the response of the control system to rotor imbalance so as to avoid

actuator saturation.

3.10. CONCLUSION
Magnetic bearings have structured themselves in bearing technology over the past few years.
Industries, small companies and even the everyday man can benefit from the advantages of

magnelic bearings.

High reliability, clean environments, high speed applications together with advantages in
position and vibration control are only a few of the advantages of magnctic bearings. Like any
other bearing, magnetic bearings also have limitations. Larger bearings, higher complexity and

higher cost are a few of the limitations of magnetic bearings.
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The quality and performance of an AMB system can be greatly improved by implementing the

steps outlined in the measures for reducing risks of failure.

Faults on AMB systems were classified into internal and external, with internal focussing on
faults occurring within the hardware and software of the AMB system and external focussing on
faults caused by some external vibration {disturbance) force acting on the system. These faults
can be detected, corrected and identified by using fault detection technigues and intelligent

control systems. The next chapter provides information on these fault detection techniques.



CHAPTER 4
FAULT DETECTION TECHNIQUES

41, INTRODUCTION
This chapter focuses on providing the reader with background information on fault detection
techniques. An overview of the techniques currently available and an explanation of the

techniques used 1n this research are provided.

As mentioned in the research methodology section (section 1.5) of chapter 1, the research is
divided into two phases. Phase 1 focuses on performing condition monitoring and implementing
fault detection techniques on the historical fault data obtained from the 250 kW water cooling
AMB pump (SM400/400). An expert system then uses the extracted features from the different
fault detection techniques to provide a result on which techniques provide the best output (best
feature) for specific fault conditions. In phase 2 these techniques are incorporated in the design

of the three real-time detection, diagnosis, correction and identification schemes.

Figure 4.1 provides a tree diagram of the different fault detection techniques. Fault detection
techniques can be broadly categorised into linear and non-linear processing techniques. The
benefits of non-linear processing techniques versus standard linear processing technigues depend
on the complexity of the problem. The area of linear processing techniques is not discussed in
this thesis. Non-linear processing techniques can be categorised into: 1) time domain analysts, 2)

frequency domain analysis, 3) time-frequency analysis and 4) feature analysis.

The fault detection techniques in the shaded blocks were studied in depth and were implemented
on the historical fault data of the 250 kW water cooling AMB pump. Results on the
implementation of these techniques are available in appendix E. The conclusion section of this
chapter provides more detail on the techniques incorporated in the design of the three real-time

schemes (phase 2).

The fault detection techniques in the clear blocks were not implemented on the historical fault
data. Shock pulse analysis and spike energy analysis are used to detect impacts on bearings. This
approach was not chosen for AMB systems, since the correction system must prevent any

impacts to the bearings.

4.1
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Figure 4.1: Tree diagram of the different fault detection techniques.

The area of bhilinear transforms was chosen above short-time Fourier transforms (STFTs), since
STFTs segment the data into overlapping time-windows. Bilinear transforms uses the
instantaneous frequency for analysis, which provides a more direct type of analysis. More detail

is provided in section 4.4

Fuzzy logic was chosen above artificial neural networks (ANNs), since ANNs focus on a black
box approach and fuzzy logic on a grey box approach. A fuzzy logic controller has the ability to

incorporate experience, intuition and heuristics instead of relying on a mathematical model.

The rest of this chapter provides a short explanation on each of the fault detection techniques

mentioned in figure 4.1.
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42. TIME DOMAIN ANALYSIS

4.2.1. DATA COLLECTION

The collection of a consistent and reliable set of measurements, covering the physical and
electrical properties of the machinery, is vital for rehable diagnosis of faults [56]. A-priori
knowledge regarding the factors influencing vibration measurements is important to define a
meaningful and compact feature set. Statistical considerations indicate that increasing the sample
size may reduce the variance of results. The sample size is especially important to discover the
potential non-linear relationships inherent in the data [56]. RMS acceleration has been

successfully used for years using a magnet-mounted accelerometer feeding into a vibration meter.

422, TIME DOMAIN FEATURE
The following time domain features can be extracted from data [18], [75], [100]: mean, root mean
square (RMS), crest factor, variance, skewness and kurtosis. A brief description of each follows:

The mean value of a function x(f) over an interval T is:
[ xtot

X=——_I'_— (41)

The RMS value of a function X(£) over an interval of T is:

T 2
fo x(t? dt
X =) 42

The crest factor is the ratio of the peak level to the RMS level:

CF = Xmar (4.3)
X

ms

The variance is the mean square value relative to the mean:
o =2 [T {x(-xF ot (4.4)
T~ '

The skewness 1s the third statistical moment of a distribution:

S=— ["xat 45
o )

The kurtosis is the fourth statistical moment of a distribution:

K=_! [T xtat (4.6)

g'T 7o
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4.2.3. WEIBULL DISTRIBUTION
The Weibull distribution is useful in the statistical analysis of vibration signals, especially with
skewed distributions {115]. The Weibull distribution was invented in 1937 by Waloddi Weibull
when comparing mortality rates of different population groups. He invented a formula that could
describe the different shaped graphs in each of the three zones |58].

T Jﬁ

R(T) = e"b (2 Parameter Weibull)  (4.7)

where R(T) represent the reliability at time T, T is the time considered, # is the characteristic

life, £ is the shape parameter and e is the base for natural logs (2.71828).

Information on the advantages and disadvantages of Weibull analysis are available in [76].

43. FREQUENCY DOMAIN ANALYSIS

It is well known that defects in rotating machinery may be monitored using vibration frequency
domain analysis. Certain features from frequency domain analysis can be generated to predict
multiple faults [86]. These features can be determined by using common condition-monitoring
techniques. The following features can be extracted from frequency domain analysis: 1) amplitude

of the vibration spectrum at rotational frequency and 2) higher frequency domain components.

According to Taylor [152], force imbalance in a rotor may be detected using vibration frequency
domain analyses. A peak in the spectrum at the running speed frequency of the shaft will indicate
imbalance. The amplitude of acceleration at the running speed frequency may be related to the

amount of imbalance in the rotor.

43.1. CEPSTRUM ANALYSIS

Cepstrum analysis is used to detect periodicities in the spectral analysis of a signal, as well as to
separate the effect of varying transfer functions [127]. It is well suvited as a tool for the detection
of families of harmonics with equal spacing. It is defined as the inverse Fourier transform of the

logarithm of the Fourier transform of a time signal x(f} and is given by [115]:
Cour (7) =37 {log,o 3x(0)}} (4.8)
The real Cepstrum is defined as
RCEPS(x) = real{3™ (log|3(x))) (4.9)

!

where 3 is the Fourier transform and 37 is the inverse Fourier transform of the input signal.
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The name Cepstrum comes from reversing the first four letters in the word “spectrum”.
Figure 4.2 (a) shows an mput waveform. The waveform is spectrum analysed (shown in
figure 4.2 (b)) and the log of the magnitude spectrum (shown in figure 4.2 (¢)) is then obtained.
The Cepstrum analysis (shown in figure 4.2 (d)) is obtained by the inverse Fourier of the log of
the magnitude spectrum. From the Cepstrum analysis the defect frequency is clearly visible. The

nonlinear {inharmonic) system can be made more linear by using the log spectrum [102].

4.3.2. ENVELOPE SPECTRUM ANALYSIS

Envelope spectrum analysis is a technique especially suitable for early detection of damage [55].
The technique consists of a bandpass filter that reduces frequency components not related to the
bearing. The signal is then enveloped by fullwave rectification and lowpass filtered before an

analysis of the spectrum is performed {115].

Stewart Hughes [130] demonstrated that the bearing condition is best indicated by looking at the
demodulated signal in a narrow frequency band, centred around the natural frequency of the
bearing housing. The bearing detect frequencies, dependent only on bearing geometry and speed,
show up clearly in the demodulated signal, whereas in the normal frequency spectrum they could

lie buried mn low frequency background noise.
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The block diagram shown in figure 4.3 summarises the steps of the envelope analysis process.
The frequency analysis of the envelope provides a diagnosts of the vibration, i.e. the defect
frequencies become evident. A defect frequency, which exceeds the background level in the
spectrum by 20 dB, indicates a fault condition, which needs to be rectified. With regular

monitoring the machine can still be run [158].

Unlike other methods that depend on measuring an overall bearing damage level, the envelope
spectrum provides a positive diagnostic tool, that points conclusively to the bearing, without any

interference of high tfrequency noise [130].
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Figure 4.3: Block diagram of envelope process [158].

4.3.3. EQUI-SAMPLED DISCRETE FOURIER TRANSFORM (ESDFT)

Figure 4.4 provides a block diagram of the enveloped equi-sampled discrete Fourier transform
(ESDFT). Low frequency large amplitude AMB vibration components can be separated from
higher frequency response signals by means of a band pass filter. In the envelope spectrum

method, the resulting signal is rectified and low-pass filtered in order to detect the envelope of

the signal [116].

The low frequency information is extracted from the carrying resonance frequency band. After
these operations the resulting signal is transformed to the frequency domain by means of the
ESDFT. An absolute maximum plot is obtained and the data is analysed for increases in defect

frequencies.
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Figure 4.4: Block diagram of the enveloped ESDFT.

The ESDFT is defined as [161]:
ESDFT(k,m)=FFT(k*m,n), k=0, . Nm-1,n=1._N (4.10)
where N is the number of samples in the FFT and m is the width of the comb filter in the

frequency domain.

The DFT of the K" entry of the n™ channel. y(k,n) is given by (4.11) [99]

M .
ytk.n) = u(p,n)e /ZrF I k=1.. .M .n=1..M (4.11)
p=1

and the convolution of k and m is obtained by using

w(l):Zk(Dm(IM-j), I=1,..M (4.12)

where w is the convolution vector.

The ESDET is inversely related to the period (in samples) over which the synchronous average
(SA) is taken in the time domain. Hence long penods in the time domain give a small value of m

in the frequency domain (the combs of the comb filter spaced close together) and vice versa [17].

It is well known that the SA may reduce noise by a factor of 1/VN [105] (where N is the number
of samples in the buffer). In particular, any vibration not synchronous with the trigger period T
will be filtered out if a sufficient number of averages are taken. As the ESDFT. actually
computes an SA it should also reduce the noise by a factor of 1/vN. Hence the good performance

of the SA 1n reducing non-synchronous noise is aiso apparent in the ESDFT.
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More specifically, it is shown that the frequency components at the characteristic defect
frequency (and harmonics) actually correspond to the spectral information of the signal average.
The ESDFT retains the frequency components only corresponding to integer multiples of the
trigger frequency Tr. The ESDFT keeps the prototype filters corresponding to an integer multiple

of the sampling frequency, which corresponds to the trigger frequency [12].

The frequency domain transfer function of the ESDFT is given by
ESDFT(jw) =

H, (e )‘+...+’HmL(ef“’ )| (4.13)

where m =1, 2, 3... and L is an integer corresponding to L = Fy/f; (Fs is the sampling frequency

and F; is the trigger frequency) and J = 1/L = F/Fs.

The prototype DFT filter bank [160] is a shifted version of the prototype filter Ho(e jy
Ho (€)= [H (e ®*™h  k=mL
=‘Ho(e""’) RRRN s A i )| (4.14)
= sin(Mw /2)/sin{w/ 2) +-+- + sin(m(w — 27zmL/M))
where k = mM/L and (MILYM = J = 1L = FIFs

4.3.4. HIGH FREQUENCY RESONANCE TECHNIQUE (HFRT)
The high frequency resonance technique (HFRT) of envelope detection is described by
McFadden and McFadden [99]. A bearing defect excites a high frequency resonance at the

characteristic defect frequency in the same way that a bell rings when struck by a hammer.

Thus the envelope of the high frequency resonance provides information about the (low
frequency) modulating function. The signal from the accelerometer is amplified and bandpass
filtered around a resonance. An envelope detector consisting of a non-linear element (a half- or
fullwave rectifier, or raising the signal to a power such as with a squarer) is subsequently applied
to extract the envelope of the signal. The frequency component is then analysed at the

characteristic defect frequency [113].

The HFRT utilizes the fact that much of the energy resulting from a defect impact manifests
itself in the higher resonant frequencies of a system. Demodulation of these frequency bands
through use of the envelope technique is then employed to gain further insight into the nature of
the defect while further increasing the signal to noise ratio. If periodic, the defect frequency is

then present in the spectra of the enveloped signal [57].
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Figurc 4.5: High {requency resonance technique process.

Figure 4.5 shows a process diagram for the HFRT. Raw vibration data is passed through an anti-
aliasing filter. The signal is then bandpass filtered around a selected high frequency band. The
bandpassed signal is then demodulated with a non-linear rectifier and low pass filtered to cancel
high frequency components and retain the low frequency information associated with the fault
[99]). The HFRT takes advantage of the large amplitudes of a defect signal in the range of a high
frequency system resonance, and provides a demodulated signal with a high defect signal-to-

noise ratio in the absence of low frequency mechanical noise.

The HFRT filters the signal around a suitable demodulation frequency, followed by rectification
and lowpass filtering (envelope detection) [127]. The normalized ratio of the demodulation peak
in the demodulation spectrum relative to the carpet level provides a measure of the defect growth

and is regarded as the best feature of bearing defect evolution [147].

In Shirosht [146] the effect of non-linear transfer functions on the amplitude density function and
power spectrum of band limited ‘white noise’ is derived. On p. 222 of Akansu [8] the result of
y = bx’ is given as:
Sniw)=S(w)+ S,(w)+ S, (»)

where

S, (@) =4b'A*(Aw) S(w) forw =0

S,(@) =4b’A* (Ao -|ol) for || < Aw

S,(w)=20*A'(Aw- i(lwl 2w, )|) for 2m, - Aw < |o| < 20, + Aw

(4.15)

where the power spectrum has a constant value A, centred at @ and bandwidth of dw. It shouid

be noted that the above expressions are based on the assumption of continuous signals [99].
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4.3.5. SHOCK PULSE ANALYSIS
This type of analysis is used to detect impacts on the bearings. Information on shock pulse

analysis is available in [23].

4.3.6. SPIKE ENERGY ANALYSIS
This type of analysis measures the intensity of the energy spikes. Spike energy analysis is similar

in theory to shock pulse analysis. Information on spike energy analysis is available in [165].

4.4, TIME-FREQUENCY ANALYSIS

Frequency spectrum monitoring has become common in fault detection besides overall level
monitoring. In most cases the ordinary Fourier transform is used to obtain frequency
information. The main disadvantages of the Fourier transform are that every short duration
interference in the signal is spread over the whole frequency band, the frequency components
represent the whole time series and that even a slight frequency change in the signal makes it
hard to analyse the frequency content. Frequencies that are close together cannot be separated if

the frequency resolution is low [28].

Recently, the time-frequency analysis has been introduced as a condition monitoring tool by
many researches [18], [32], [119]. [121]. An advantage of time-frequency distributions is that
they can reveal details of non-stationary signals and signals that evolve with time. In general,
time-frequency analysis requires a lot of calculation power and the interpretation of the results

require a lot of effort [36].

4.4.1. SHORT-TIME FOURIER TRANSFORM
The short-time Fourier transform (STFT) is used to analyse the frequency spectra of signals that

evolve with time. Information on the STFT is available in [32], [43] and [141].

4.4.1.1. AUTOREGRESSIVE FAULT DETECTION
There exists much written material about autoregressive fault detection, but less empirical
experimentation. This method has the capability to obtain high spectral resolution with short

datasets [101]. Information on autoregressive fault detection is available in [91], [92], [93] and

[135].
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44,12, PRONY ANALYSIS TECHNIQUE
This analysis technique analyses transient component [135]. The technique is useful to determine
complex natural resonances and complex amplitudes associated with exponential representations

of waveforms [124]. Information on the Prony analysis technique is available in [21], [26], [39],

[40], [75], [86]. [92], [93] and [134].

44.1.3.  WAVELET TRANSFORM
Wavelet transform are used to reduce the dimensionality of a vibration signal [39]. Wavelet
transform operate on the principle that all signals can be reconstructed from sets of local signals

of varying scale and amplitude, but constant shape [116]. Information on wavelet transform is

available in [8], [17]. [84], [110], [113], [121] and [168].

442, BILINEAR TRANSFORMS

Another class of time-frequency distributions is the so called bilinear transforms. Unlike
spectrograms, they do not segment the data [141]. The WVD is the basic transform of bilinear
transforms. The WVD is based on the instantaneous frequency, which is the derivative of the

phase of the signal [18].

Bilinear transforms and STFT are used in similar applications and the selection between these
transtorms is often done experimentally. Further, the success of analysis depends on proper
tuning of the parameters [43]. The WVD is widely utilised in a wide area of fault detection of

mechanical structures. such as gear transmission or machine tool wear {74], [119].

Amplitude modulated signals that are not found in spectrograms can be revealed by the WVD,
because the frequency components or time domain transients are too close together. On the other
hand, the bilinear nature of the WVD leads to interference between components in the time-
frequency domain [32]. In addition. the cross terms between noise and signal makes WVD noisy.
WVD even places the noise at times where the signal is pure from noise. The unambiguity is

poor, because of the fact that WVD gives negative values unlike the spectrogram [28], [39].

4421,  WIGNER-VILLE DISTRIBUTION

The Wigner-Ville distribution (WVD) was first defined for quantum mechanics by E. P. Wigner
in 1932 and later by J. Ville [163] in 1948 who derived a joint representation from a
mathematical foundation to utilise it in signal representation. This distribution approximates a

specified time-frequency description in the minimum mean-square error sense [106].
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The technique was developed to overcome a limitation of the STFT, where high-resolution cannot
be obtained simultaneously in both the time and the frequency domains [110]. Due to similarities

the WVD has been interpreted by Flandrin and Escudi¢ [42] as a modified version of the STFT.

In the WVD, no reduction of the number of data points in the time-shifting operation is
necessary [146]. The starting point for this distribution is the Fourier transform of the ensemble-

average instantaneous correlation as shown in (4.16) [24]:
© T * T — v
FT(x(t) = [ E[x(t +oX(t —E)Je 2 gy (4.16)

where x is the conjugate of x for complex signals or Hilbert transform of x for real signals

which, in theory, is a measure of the frequency content of a non-stationary random process x().

However, in practice, it is never possible to compute the ensemble-average function accurately,
because an infinite number of data are necessary [24]. One solution to deal with the non-

stationary case is to omit the ensemble-average in (4.17):

WDt V) = [ xit + g)x‘ (t-2)e ™ dz 4.17)

Equation (4.17) represents the WVD, which belongs to the class of bilinear frequency
distributions defined by Cohen [28] and given by the equation below [106]:

RPN T ol sl LT . T s T
C(t’v’m'ﬂfx L Le’ ¢(§,r,t,V)X(U+§)x (U—E)dudtdf (4.18)

where a($ 1 £ v) is the kernel function, ¢ is time and ¢ and r are the bilinear distribution time

delays [41].

The discrete representation of (4.17) is [146]:
T, & . -
WVD(x(T, V) === > X" (t - KT )x(t + KT, )e "% (4.19)
1 k=—c

where Ts is the sampling period and must be chosen so that Ts < (m/2wmax) and @may is the

highest frequency in a random signal [28].

4.5. FEATURE ANALYSIS
4.5.1. ARTIFICIAL NEURAL NETWORKS

The area of artificial neural networks is well known and much written material exists, some of

these are [11], [121], [122], [136] and [141].
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4.5.2. FEATURE SELECTION AND EXTRACTION

The vibration signals form a multivariate feature space. The required number of training samples
for a classifier generally increases exponentially as a function of the number of features,
assuming uncorrelated data [56]. Furthermore, the performance of the classifier is closely linked

to the quality of the features.

The extraction of a compact feature set, which may still capture most of the correlation inherent
in the original sample space, is thus crucial in a multivariate setting. Suitable feature extraction
methods highlight the important discriminating characteristics of the data, while simultaneously

ignoring the irrelevant attributes (i.e. noise) [56].

The frequency domain provides a useful feature set for machine diagnostics [115]. Machine
defects are related to specific frequency domain features [115], [128]. The frequency domain is
well suited to the detection of periodic machine vibrations. Impulsive vibrations are better
analysed in the time domain than in the frequency domain. The wavelet transform analyses a
signal jointly in the time-frequency domain, subject to the uncertainty principle. The uncertainty
principle states that an increase in time resolution results in a decrease in frequency resolution

and vice versa [114].

4.5.3. FEATURE SET REDUCTION

The reduction of the feature set to the minimum required for acceptable modelling is important
in the design of structured experiments. The influence of a set of experimental variables on the
response vartable(s) is determined by conducting a series of experiments. The resulting response

surface may be used in a simulation to augment the existing data set [114].

Since the required number of experiments is exponentially proportional to the number of
experimental variables to be considered, the smallest possible number of features should be used.
An exhaustive evaluation of all possible experiments would be prohibitive. More sophisticated
experimental design techniques would therefore be required to minimize the required number of

hypercubes to cover the multivariate space [168].

454. FUZZY LOGIC
Fuzzy logic controllers have the ability to cope with knowledge presented in a linguistic form
instead of a conventional mathematical framework [27]. Much written material exist on fuzzy

logic, some of these are [11], [52], [101], [133], [141] and [162].
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4.5.5. PATTERN RECOGNITION

The performance of a non-linear classifier, such as a neural network. is directly dependent on the
number of training examples relative to the degrees of freedom (complexity) of the classifier
[53], [56]. As a rule of thumb, the number of samples should be 10 to 100 for each independent
feature [162].

Jack and Nandi [72] examine the use of support vector machines (SVM), a pattern recognition
technique, in the detection of bearing faults in a test rig. The aim of the SVM technique is to find
the largest separating hyperplane (support vectors). The kernel function maps the data, using a
non-linear transfer function, into another dimension in which the classes could be linearly

separable with an appropriate choice of parameters.

Jack and Nandi [72] also examine the important question of feature selection using a genetic
algorithm (GA). Their [72] results indicate that the SVM comes close to the ANN without GA
feature selection [72]. Using GA feature selection the SVM and ANN have comparable
performance [45], [154].

A pattern recognition system consisting of sensing, pre-processing, feature extraction,
classification and post processing is shown in figure 4.6. Pre-processing of data includes
filtering, domain transforms or segmentation of data. Segmentation of data is done in order to
isolate one period of a signal or different operation modes from each other. The feature
extraction converts the pre-processed data to sets of numerical values namely feature vectors that

describe the different classes [14].

The features should be selected such that for patterns of one class (such as healthy system) the
sets of values are as similar as possible and that the sets differ as much as possible from the sets
of other classes (such as a faulty system). In the classification phase, the feature vectors are

placed 1n one or several classes using template matching, distance calculations or neural networks.

5 : . - _
Sensing rbl_' ng I —4 C

Pre-processing Feature extraction tassification  —» Post-processing —»Decision

L

L D —

Displacement and Filtering, Companent System healthy, Condition estimation,
current sensors, FFT transform, selection Eccentricity, etc. deterioration in
Accelerometer Signal processing speed, etc.

Figure 4.6: Phases of the pattern recognition system.
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4.6. CONCLUSION
This chapter provided background information on fault detection techniques. An overview of the
techniques currently available and an explanation of the technigques used in this research were

provided.

In appendix E the three historical fault datasets (subsynchronous vibration force, rotor
synchronous vibration force and supersynchronous vibration force) are compared with the fault
detection techniques. The features obtained from the fault detection techniques are divided into
aood features, better features and measurable features. Measurable features are features which

provided the best results for the specitic fault condition.

For the subsynchronous vibration force data the measurable frequency features were obtained
from the ESDFT, WVD and autocorrelation function. For the rotor synchronous vibration force
data the measurable frequency features were obtained from the WVD, autocorrelation function
and spectral correlation density function. For the supersynchronous vibration force data the

measurable frequency teatures were obtained from the Cepstrum analysis, HFRT and WVD.

Measurable amplitude features for the subsynchronous, rotor synchronous and supersynchronous
vibration force data were obtained from the RMS, mean, minimum, maximum, standard
deviation and variance. More detail on the results of the fault detection techniques on the

historical fault data of the 250 kW water cooling AMB pump is available in appendix E.

It was therefore decided to incorporate the WVD as a measurable frequency feature and the
minimum and maximum as measurable amplitude features in the design of the three real-time
schemes. Data collection, pattern recognition, pattern construction and fuzzy logic were used as
additional techniques in the design process. More detail on the design of the three real-time

schemes is available in chapters 5, 6 and 7.



CHAPTER 5
DESIGN OF THE REAL-TIME DISPLACEMENT ANALYSIS,
CORRECTION AND IDENTIFICATION SCHEME

5.1. INTRODUCTION
This chapter focuses on the design of the real-time displacement analysis. correction and
identification scheme. As mentioned in chapter 1, the design of the real-time scheme in this

chapter is the first of three real-time detection, diagnosis, correction and identification schemes.

The process in which the machine components are regularly checked and the condition ie.,
whether it is bealthy or faulty, is checked on the basis of vibration signals obtained from the
machine components, is called vibration based condition monitoring. Vibration monitoring on
AMB systems can be broadly carried out at three levels [95]: 1) Overall vibration level
measurement, to detect that a problem exists, 2) spectral or frequency analysis, 10 locate where
the problem exists in thc machine and 3) special techniques, which indicate what the problem is

at a more detailed level.

There are many different vibration analysis based methods which arc used to detect faults. An
overview of the most important classical time-invariant techniques is given in [129). Vibration
data from a faulty system exhibits different non-lincar and transient events and the analysis of
such events requires specific techniques which go beyond the classical Fourier approach. For the

application of this study the Wigner-Ville distribution {WVD) was used for diagnosis purposes.

AMRB systems are ideally suited for condition monitoring, diagnosis and correction purposes,
since the bearing system is already equipped with sensors and actuators. These sensors and

actuators provide the exact displacement and current during machine operation.

Two AMB systems have been used in the design process of the on-line AMB fault detection and
correction scheme. The one was a fully suspended 250 kW water cooling AMB pump from which
historical fault data was captured and the other was an experimental double radial AMB test
rack. The test rack was used for verification purposes, since it was not possible (o implement the
detection and correction scheme on the water cooling AMB pump. A diagram of the double radial
AMRB system can be seen in figure 5.1. The physical AMB system comprises a standard 8 pole

heteropolar bearing geometry. Table 5.1 provides the specifications of the double radial AMB.

5.1
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A photo of the double radial AMB test rack can be seen in appendix A. The fault diagnosis and

correction scheme was implemented on this AMB system.
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Figure 5.1: Double radial AMB system

Condition monitoring was performed on the water cooling AMB pump for a period of 3 years, in
order to obtain historical fault data. With the historical fault data of the water cooling AMB
pump it was possible to calculate the exact vibration force and induce it on the double radial
AMB test rack. Various fault detection techniques have been implemented on the data to obtain

features for fault detection. These features are used as inputs to the on-line correction scheme.

There are two ways to perform diagnosis on AMB systems. The first is a signal-based approach,
which relies on the analysis of the displacement and current signals and the last is a model-based
approach which utilizes a mathematical model of the AMB system [37]. [44], [63]. [n order to
develop the on-line diagnosis and correction scheme, a combination of signal-based analysis and

model-based analysis was performed.

Table 5.1: Specifications of the double radial AMB system

PARAMETER SPECIFICATION UNIT - - DESCRIPTION

Frax 500 N Maximum load capacity

Xon 0.6 mm Nominal air gap

io 3 A Bias current

i1 10 A Peak current

Keq 500 N/mm Equivalent stiffness

beq 2.5 N.s/mm Equivalent damping

Myotor 14 kg Mass of rotor

Munbatance 7.643x107 kg Unbalance mass of the rotor

Wn 188.98 rad/sec Natural frequency
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The first step in the design process of the on-line diagnosis and correction scheme was to
evaluate the vibration forces that occurred in the 250 kW water cooling AMB pump and develop
a scheme capable of detecting these vibration forces. The second step was to diagnose the
vibration forees and extract features. The last step was to use the features to correct the AMB

system. This process is detailed in section 3.3.

Discrete sampling of the displacement and current signals of the physical AMB system was done
by means of the dSPACE® 1104 controller board, equipped with a DSP TMS320F240 from

Texas Instruments.

A diagram of the fully suspended 250 kW water cooling AMB pump can be seen in figure 5.2
and a photo of the practical AMB system in appendix A. Due to technical aspects it was not
possible to make any changes to this AMB system. Table 5.2 provides the specifications of the
water cooling AMB pump.

AX, AY Pump section BX, BY

i Coupling [j rI:] ’:I DZ

———————————— |-—--_J-,--_-.—_-_-_-+ —— e S o o o —n o e -
. H
- = | .
! 7 M- C | X
7 I A 7
A-Side B-Side 7
Figure 5.2: Water cooling AMB purap

Table 5.2: Specifications of the water cooling AMB pump

PARAMETER . -~ - SPECIFICATION - UNIT- . - DESCRIPTION
AXIAL RADIAL - L o '

F 12600 7500 N Load capacity

Xpn 0.8 0.4 mm Nominal air gap

Jo 6 6 A Bias current

i1 15 15 A Peak current

The scheme presented in this chapter attempts to identify and compensate harmonic sourcces,
which are not necessarily synchronous with the rotor spin rate. The identification and
compensation subsystems focus on persistent harmonic excitations on the rotor of the AMB
system. The compensation subsystem was designed to compensate for vibration forces occurring
on the rotor of the AMB system in real-time. Detail on the classification of the vibration forces

on the rotor of the AMDB system can be found in section 5.2.
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The identification subsystem was designed to provide the following output: 1) type of vibration
force (unbalance, misalignment, foundation looseness or as otherwise specified in the historical
fault database), 2) vibration force fit to a specific dataset, 3) vibration force side (A-sidc or B-
side), 4) vibration force axes (x or y), 5) current siate of the rotor {(good condition, fault in system
or system critical), 6) vibration force parameters (A, B, C and D) and 7) day and time of the

vibration force. Detail on the identification subsystem can be found in section 3.5.

‘This chapter begins with identifying and categorising the vibration forces that occur on the rotor
of the AMB system. The identification of the fault detection techniques is discussed in
chapter 4. An overview of the diagnosis and correction subsystem is then provided. followed by
the design of the simulation and practical AMB models. Under the diagnosis and correction
subsystem heading, the design of the fault (vibration force) detection subsystem. subsynchronous
vibration force diagnosis subsystem. rotor synchronous and supersynchronous vibration force
diagnosis subsystem and error correction subsystem are provided. An overview of the hardware
setup 1s then provided, followed by the design of the identification subsystem. The chapter

concludes with a comparison between the simulation and experimental results,

5.2. VIBRATION FORCES ON THE ROTOR OF THE AMB SYSTEM

The following section provides an overview of the vibration forces on the rotor of the 250 kW
water cooling AMB pump. Historical fault data have been captured by performing condition
monitoring on the displacement signals of the water cooling AMB pump over a period of
3 years. Error signals were then calculated for each of the historical data sets and the signals
were used as input to the simulation and practical AMB models (see section 5.3.2) to induce the

same faults that occurred on the water cooling AMB pump on the double radial AMB test rack.

It became evident from the historical fault data of the 250 kW water cooling AMB pump that
vibration forces can be categorised into the following three vibration force categories:
1) subsynchronous, 2) rotor synchronous and 3) supersynchronous. Subsynchronous refers to
vibration forces with frequencies lower than the rotational speed frequency of the rotor, rotor
synchronous refers to frequencies very closc to the rotational speed frequency and
supersynchronous refers to frequencies higher than the rotational speed frequency (w) of the
rotor. Normal vibration level refer to a vibration level where the vibration forces are within the
safety specifications of the AMB system and faults on the AMB systemn refer to vibration forces

that cause an alarm to trip or caus¢ damage to the AMB system.
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5.2.1 HISTORICAL FAULT DATASET 1: SUBSYNCHRONOUS VIBRATION FORCES

Subsynchronous vibration induced in the 250 kW water cooling AMB pump by motion of
nearby machinery cannot be described as a fault, if the vibration doesn’t cause an alarm to trip or
actual failure of the AMB systcm. All the subsynchronous vibration data from the historical fault
database of the 250 kW water cooling AMB pump caused an alarm to trip and in some cases
caused damage to the AMB system. When therefore referring to subsynchronous vibration of
nearby machinery, the author refers to subsynchronous vibration that will cause an alarm to trip
or has caused an alarm to trip. Vibration forces causing subsynchronous vibrations on the rotor
of the 250 kW water cooling AMB pump occurred due 10 external vibrations from machines

running at low rotational speeds in the vicinity.

522 HISTORICAL FAULT DATASET 2: ROTOR SYNCHRONOUS VIBRATION FORCES
Rotor synchronous vibration forces on the rotor of the 250 kW water cooling AMB pump
occurred due to temperature growth of the machine structure, shifting of the relative position of
components after assembly and the coupling face not being perpendicular to the shaft axis.
Further vibrations in this datasct occurred due to excessive force of the water against the pump
blades, during extreme valve opening and closing. The faults (vibration forces) in this dataset
were either characterised as coupling misalignments or as rotor unbalances. When referring to
faults, the author refers to vibration forces that will cause damage to the AMB system or have

caused damage to the AMB system.

5.2.3 HISTORICAL FAULT DATASET 3: SUPERSYNCHRONOUS VIBRATION FORCES
Supcrsynchronous vibration forces on the rotor of the 250 kKW water cooling AMB pump
occurred due to loose bolts on the motor side, which caused vibration forces in the motor that
were carried onto the shaft of the AMB pump. A diagram of the water cooling AMB pump and

pump specifications can be seen in figurc 5.2 and table 5.2, respectively.

Further vibrations on the rotor of the water cooling AMB pump occurred due to external
vibrations from machines running at high rotational speeds in the vicinity. The faults (vibration
forces) in this dataset were characterised as foundation looseness faults. When referring to
foundation looseness faults the author refer to vibration forces that caused an alarm to trip or
caused damage to the AMB system. Foundation looseness or motion of the system base can
occur in various applications and environments. External vibration sources (e.g. other machines)

and accidental itnpacts or explosions may cause base motion [94].
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5.3.  DIAGNOSIS AND CORRECTION SCHEME

5.3.1. OQVERVIEW

Figure 5.3 shows an illustration of the vibration force detection process. At start up the AMB
system 1s suspended with only PID controllers and rotated at the desired speed of 1000 rpm.
Displacement masking and boundaries calculation are performed during this tnitial period when
no vibration forces are occurring on the AMB system. The masked displacement and boundaries

are stored to memory.

When a vibration force occurs on the rotor, the scheme detects the fault (vibration force).
calculates the vibration error and calculates the frequency. The stored no fault (no vibration)
displacement is used to calculate the vibration error. When the frequency of the vibration force is
lower than the rotational speed of the rotor, then the subsynchronous diagnosis and correction
subsystem forces the PID controller to overcompensate for the vibration error. When the
vibration force frequency is higher than the rotational speed frequency of the rotor, the rotor

synchronous and supersynchronous diagnosis and correction subsystem induces correction
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and boundarie

currents onto the rotor.
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Fault detected
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AMB system €

Figure 5.3: Illustration of the vibration force detection process.

Figure 5.4 shows the rotor view of the vibration and correction forces where the PID controller
fails to correct the vibration force on the rotating rotor. The vibration force causes the rotor to
move downward on the A-side and without immediate correction the rotor will crash against the
retainer bearings. This chapter focuses on the real-time detection and correction of these

vibration forces.
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Correction forces arc applied on the rotor by increasing or decreasing the reference currents frer 1
and frer 2 according to the direction of the vibration force. The exact magnitude, frequency, phase
and offset in the vibration force neced to be calculated before a correction force can be applied.
The historical fault data (detailed in section 5.2) from the water cooling AMB pump are used to
induce vibration forces on the double radial AMB test rack. This process is explained in detail in

section 5.3.2.

Power ‘insf_ 1 Top _
amplifier Magnetic
[f} bearing
[: Vibration
force
- = e Correction
l:] force
fy Bottom
Power Fret 2 Magnetic
amplifier E bearing

Figure 5.4: [llustration of the vibration and correction forces of the rotor of the AMB system.

Tigure 5.5 provides an overview of the detection, diagnosis and correction scheme that was
implemented on the double radial AMB test rack. The fault detection subsystem detects the
induced vibration forces on the AMB system and calculates the displacement error {€). The fault

detection subsystem is explained in detail in section 5.3.3.

The magnitude, frequency, phase and offset of the vibration force on the rotor is contained in
both the displacement (X} and currents (/s and /z) of the AMB system. For this scheme the
displacement was used 1o calculate the error. After a fault has been detected, the error signal ()
is sent to the fault diagnosis and feature extraction subsystems. The fault diagnosis subsystems

are explained in detail in sections 5.3.5 and 5.3.6.

1he crror correction subsystem uses these features to force the PID controller to overcompensate
for the displacement error (during subsynchronous vibration forces) and stabilises the rotor by

inducing correction forces on the rotor (during supersynchronous vibration forces).
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5.8
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Figure 5.5: Overview of the detection. diagnosis and correction scheme

The displacement error (€q) is used for subsynchronous vibration force correction and the
extracted fault features: Amplitude (A), frequency (8), phase (C) and offset (D) are used for
supersynchronous vibration force correction. The error correction subsystem is explained in
detail in section 5.3.7. The parameter €, represents the position correction error and fref 1_agq and

fret 2_ada the correction reference currents for the top and bottom magnetic bearings, respectively.

The fault diagnosis section is divided into subsynchronous and rotor synchronous and
supersynchronous vibration force diagnosis, since the error made on the fault feature B was too
great during the subsynchronous vibration force diagnosis test. The reason for this was that too
much time¢ was needed to complete one cycle of the fault, during subsynchronous vibration

forces.

The fault detection techniques need at least one cycle of the fault signal to calculate the exact
frequency. The time necessary to calculate the exact frequency during supersynchronous
vibration forces was sufficient. A different method of analysing the subsynchronous vibration
forces therefore had to be developed, and it was decided to correct subsynchronous vibration
forces by forcing the PID controller to overcompensate for the faults (vibration forces)

occurring. The rest of this section details the function of each of the blocks in figure 5.5.

5.3.2. SIMULATION AND PRACTICAL AMB MODELS

A simulation model of the AMB system was necessary to observe how the practical system will
respond to faults (vibration forces), when the diagnosis and correction subsystem is
implemented. The simulation (dashed and solid lines) and practical (solid lines) models of the

double radial AMB system with rotational rotor faults are shown in figure 5.6.
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The actual position (X) is subtracted from the reference position 1o provide the position error
(ep). This is fed to a PID controfler which together with the bias current (ip) provides the
reference currents (ier_t and jrer o) for the power amplifiers. The forces (f; and f») are calculated
with (Km'hz),-/xpz and (Kpiz )./{'g,)", where K, is the constant of the magnetic bearing and g is the
total air gap. The position (Xg) is obtained by double integrating the forces and dividing the

answer with the mass of the rotor (m).

For the simulation model, the vibration force (fg) on the rotor was induced by subtracting the
position error (€p) from the reference error index (€r Sin(tyf)) and feeding this to a controller.
The reference error (&) represents the error calculated from the historical fault data (detailed in
section 2) of the water cooling AMB pump and the index (sin(wst)) represents the carrier of the
AMB pump.

The output of the controller is then added as a reference force (fy) and the connection to add a
reference current fault (i) to the reference current (i) is disconnected. The carrier force (f3(wst)
of the double radial AMB was kept constant and the vibration force (fg) was stored to file. The
storcd file now contains both the carriers of the water conling AMB pump and the double radial
AMB test rack. The file was then demodulated to subtract the carrier of the water cooling AMB
pump and the remainder was used to simulate vibration forces on the rotor. These vibration

forces (fy) are synchronously placed on the carrier of the double radial AMB test rack.
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Figure 5.6: Simulation (dashed and solid lines) and practical (solid lines) AMB models with
rotational rotor faults
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For the practical AMB system the connection to add a reference current fault (i) to the reference
current (fref) is restored and the vibration force (fy) is disconnected. The reference current fault (i)
is then stored to file, during the controlling process of the rotating double radial AMB test rack.
The file 1s demodulated to subtract the carrier of the water cooling AMB pump and the
remainder is used as reference current faults to induce vibration forces on the rotor. These
reference current faults (i) are synchronously placed on the carrier of the double radial AMB test

rack. The calculation of the spring-mass-damper constants can be found in appendix D.

5.3.3. FAULT DETECTION SUBSYSTEM
Fitf 1, Fithp x":‘f‘ii'B%:J

t—> Displacement {¥mp| Boundaries _>g;
i lculation |
masking ca B3,
Xp X t *tc
mo| Errorand |4$| Wigner |[WVD|Frequency
"1 cycle time Ville index calculator »8
calculation ": Distribution algorithm

» e

Figure 5.7: Fault detection subsystem

The fault detection subsystem constitutes displacement masking, error calculation, boundary
calculation and frequency calculation, as shown in figure 5.7. Displacement masking is

performed by capturing one cycle of the displacement signal under no fault (no vibration)

condition and fitting a sine wave to it.

The sine wave representation of the no fault displacement (x.,) is stored to memory. When a
fault occurs in the AMB system, the displacement (Xp) is called the fault displacement (Xp_faut)-

The no fault displacement (Xmp) is subtracted from the fault displacement (X, _faur) to provide the

error (e).

The frequency (B) is calculated by using the WVD and a frequency calculator algorithm. The
accuracy of the frequency was improved by sampling the WVD at twice the cycle time (f;) of the
error signal (). The WVD is calculated from the displacement error () and the peaks Py and P>

are calculated from the positive peaks of the WVD as shown in figure 5.8.
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Figure 5.8: Frequency calculation with the WVD

From peak P; the frequency of the fault was calculated at 2277.9 Hz This frequency calculation
is only to illustrate the WVD process and is not a representation of the data obtained from the
250 kW water cooling AMB pump. It can be seen from (5.1} that the second peak (P7) is a
multiple of the first peak. The value calculated in this equation provides an estimate of the error

factor on the first peak (Py). In this case the frequency calculated has 99.77 % accuracy.

P,  88x107
“g—=8_8_>‘£__=2'0046 (51)

P, 439x107*

The WVD provides only an estimate of the frequency during subsynchronous vibration force

analysis, but the precise frequency during supersynchronous vibration force analysis.

Three boundaries B1, 10 B3p was chosen for the double radial AMB system. Boundary B,
operates as a fault indicator. B2, operates as the system critical state and B3, operates as the
system shutdown state. An orbital representation of the displacements (Xp and y,) with the three

boundaries (B7p, B2, and B3p) can be seen in figure 5.9.

Table 5.3 provides the calculations for the displacement boundaries (BTp, B2, and 83;). In this
table the three boundaries of the double radial AMB are calculated by fitting the no fault
displacements of the double radial AMB with fitting factors (FitB7p, FitB2p and FitB3p). The

fitting factors are calculated by (5.3).
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Figure 5.9: Orbital representation of the displacement boundaries

The average maximum fault (obtained from the maximums of the subsynchronous, rotor
synchronous and supersynchronous vibration force datasets) is calculated as follows:

_ Max,,, 4, + Max

+Max,,
gh_freg
AVQ max_fauit —

medium_freq

3

(5.2)

where AVQmax_faur Tefers to the average maximum fault dataset. MaXiow_feq to the maximum
displacement of all the faults in the subsynchronous vibration force dataset, MaXmedium_eq to the
maximum displacement of all the faults in the rotor synchronous vibration force dataset and

MaXnigh_freq to the maximum displacement of all the faults in the supersynchronous vibration

force dataset.

The fitting factor for FitB1,, FitB2p and FitB3, are calculated as follows:

i+ 0
N AVg max_fautt xpn double_radial fi t— %
dary =
ounesy No_fault, .., - Xpm, ..,

Fit, (5.3)
where Fifgoundary refers to the boundary fitting factor, No_faulf,aser to the no fault displacement
of the water cooling AMB pump, XpPNwater to the nominal air gap of the water cooling AMB
pump, XPfgouie radiai 10 the nominal air gap of the double radial AMB and fit % to the

percentage fitting factor.
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The boundaries B1,, B2, and B3, are calculated as follows:

Boundafy = Fft 'No_faultdoublg_,radra.’ (5.4)

Boundary

where Boundary refers to the boundary of the double radial AMB and No_faultgoupie_radies 10 the
no fault displacement of the double radial AMB.

The actual x-axis displacement (x,) is calculated from the average of the maximum negative

displacement (Xpmin) and the maximum positive displacement (Xpmax). The same rule applies for

the y-axis displacement (¥p).

Table 5.3: Calculation of the displacement boundaries

Xpmax - .. . Xpmin .: S Xp . Yomax Yomin. - Yo
(um)  (um) {(um) - (um) (um). (pm)
NO FAULT (WATER COOLING 35 -38 36.5 38 -41 39.5
AMB PUMP)
NO FAULT (1000 rpm — DOUBLE | 13 -14 13.5 12 -15 13.5
RADIAL AMB)
MAX SUBSYNCHRONOUS 34.80 -101.00 929 259.13 -252.63 255.88
VIBRATION FORCE DATASET
MAX ROTOR SYNCHRONOQUS 01.95 -71.91 81.53 238.25 22407 231.16
VIBRATION FORCE DATASET
MAX SUPERSYNCHRONQUS 78.05 -85.12 81.59 22575 21219 218.97
VIBRATION FORCE DATASET
AVERAGE MAXIMUM FAULT 84.93 -86.01 85.47 23575  -229.63 23269
FITTING FACTOR: 1.456 1.358 1.407 1.861 1.680 i.771
FitB‘Ip (20 %)
FITTING FACTOR: 4.004 3.735 3.870 5.118 4621 4870
FitB2, (55 %)
FITTING FACTOR: 6.552 6.111 6.332 8.375 7.561 7.968
FitB3, (90 %)
BOUNDARY 81, (1600 rpm — 18.928 19010 18969 22334 -25203 23.769
DOUBLE RADIAL AMB)
BOUNDARY B2, (1000 rpm — 52.052 -52.290 52,171 61419 -69.309 65.364
DOUBLE RADIAL AMB)
BOUNDARY B3, (1000 rpm — 85.176 -85.554 85.365 100504 -113.415 106.960
DOUBLE RADIAL AMB)

The fitting factors (FitB 1, FitB2p and FitB3;) are calculated at 20 % for 8715, 55 % for B2, and
90 % for B3, of the average maximum fault. Tables 5.1 and 5.2 provide the specifications on
each of the AMB systems. The boundaries B2, and B3, are discussed in detail in

section 5.5. The results on the techniques for fault detection can be found in appendix E.
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5.3.4. RESPONSE CALCULATIONS FOR THE DIAGNOSIS SUBSYSTEMS

From table 5.3 it can be seen that boundary B7, is calculated only for the ideal condition wherce
the rotor is rotating at 1000 rpm. Since the rotor speed (N) may vary, the actual speed is used as
parameter in the calculation of boundary BT, For this purpose the spring, mass and damper

system of figure 5.10 (a) will be used. The parameters in this section arc defined in table 5.1.
\ 5 x10°

_______________________

. - E
‘_g 3# ——————————————
=2 !
En 2[___ S S B D
_____ _AI_H___ § r ; :
| . . ! i
T el
o o Vi N
L l 00 1060 20l00 30.00 4000 5000 6000
(a) ZZ707722:22027 (b)

Speed (rpm)
Figure 5.10: (a) Spring, mass and damper system (b) response with speed () variation

The equation of motion for the system in figure 5.10 (a) is given by

. d’x, d* .
_keqxp Fbeqxp = (mrotor _munba.'ance) df2 + M paance Ei:?(xp +eana)t)

- .~ - 2 .
- keq Xp - beqxp = mmtor X munba!ancexp + munbafancexp + munbaiance (_ @ esma)t)

.

My Xp + Dg X + K X, =m

rofor  p wesinot (5 5)

unbalance

The response of the system is given by X, = X;sin(wt - ¢), where

X, =0 Moaiones® €y My €1 (5.6)
Vo -0 +0ew,0f My 1-rF+@¢ 1Y
and
A= beq @ 2z-N
» Z‘Jkeq m_ f=-;): and @ = 60 (5.7)

When the rotational speed (N) of the rotor increases the magnitude (X;) also increases, which
causes an increase in the amplitude of the boundary (B7,). The response of the system with
variation in speed can be seen in figure 5.10 (b). For the calculations of this section. the
eccentricity (€) was taken as the radius of the rotor (shown in figure 5.10 (a)) and the unbalance
mass (Muppatance) Was calculated by reverse engineering (5.5) and using practical measurements

of the displacement (x,) at various rotational speed (N).
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5.3.5. SUBSYNCHRONOUS VIBRATION FORCE DIAGNOSIS SUBSYSTEM

Figure 5.11 provides a diagram of the subsynchronous vibration force diagnosis subsystem,
which focuses on the diagnosis of vibration forces with frequencies lower than the rotational
speed frequency of the rotor. The boundary error (eg) is calculated by subtracting the actual
displacement (Xp) of the rotor from displacement boundary 1 (B7p). The amplitude of the first
boundary displacement (B1p) is a function of the rotational speed of the rotor and follows the

response shown in figure 5.10 (b).

af B
. e
e—»
Fuzzy | e Error e
X ;> Error % Logic Yo Correction >
calculation | =8 System System
B15> algorithm

Figure 5.11: Subsynchronous vibration force diagnosis subsystem

The displacement error (e4) is obtained from a fuzzy logic system with displacement error (e)
and boundary error (eg) as inputs. The fuzzy surface plot used to calculate ey is shown in
figure 5.13. The displacement error (€g) is passed onto the error correction subsystem. The error
correction subsystem uses the frequency (B) to distinguish the fault (vibration force) as a
subsynchronous or supersynchronous vibration force. The correction is performed when the

vibration force frequency is lower than the rotational speed frequency (w) of the rotor.

1 1
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Figure 5.12: Fuzzy membership functions for the (a) displacement error and (b) boundary error

Figure 5.12 provides the fuzzy membership functions for the displacement error (€) and the
boundary error (€g). Fuzzification is performed by using the overlapping fuzzy sets bad negative
(B-), good (G) and bad positive (B+).
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The detection, diagnosis a correction scheme is an extremely complex scheme which is
inherently fuzzy. A fuzzy logic controller was used, because it has the ability to incorporate
experience, intuition and heuristics to the scheme instead of relying on a mathematical model.
The fuzzy control strategies are further embodies by sets of IF-THEN rules. Using a different
controlling method could result in a complex mathematical mode! which might be less effective

during real-time implementation.

Table 5.4: Rule matrix for the displacement error (€g) and relation current (fref 1R)

€s €r
G B- B+ G B-
B+ P M M B B B
e G M M M B M B
B- M M N B B T

The basic rule for using the features (g and €) is: IF eg AND e THEN ey The same rule applies
for the workforce relation current 1 (e 18), which is explained in section 5.3.6. Table 5.4 provides
the rule matrix for the displacement error () and the relation current (/s 17). Defuzzification of
the fuzzy membership functions ey and fref 17 are performed by using overlapping fuzzy sets

negative (V). middle (M) and positive (P) and bottom (B), middle (M) and top (7)), respectively.

3

Displacement error (eg)
NO
il

-4
2J - '\>L
e 2
x 10+ 1 x 10
Displacement error (¢) ~ -2 Boundary error {eg)

Figure 5.13: Fuzzy surface plot for the displacement error ().

From figure 5.13 it can be seen that the displacement error reaches a maximum when both the

displacement error (€) and boundary error (€g) reach maxima.
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5.3.6. ROTOR SYNCHRONOUS AND SUPERSYNCHRONOQUS DIAGNOSIS SUBSYSTEM
The features (A, C and D) are calculated with the supersynchronous vibration force diagnosis
subsystem, shown in figure 5.14, This subsystem focuses on the diagnosis of vibration forces
with frequencies higher than the rotational speed frequency of the rotor. The amplitude (A) and
offset (D) are calculated with a fuzzy logic system with minimum and maximum as inputs. The
fuzzy surface plots of A and D are shown in figure 5.17 and figure 5.18, respectively. The phase

(C) is calculated by trigonometrical functions and a phase calculator algorithm.

When a vibration (disturbance) force causes the rotor to move downward on the A-side as shown
in figure 5.4, the current /4 (and fer 1) need to be more than the current jz (and i 2) to stabilise

the rotor to the centre position.

@ B
+F—Y_* ¥
Xp Error e | Fuzzy |
calculation > Logic ref_18| .
B1:»  aigorithm ?_, Systern L__:ref_ 1_add
'7 _—
Min_ A
o4 Minimum M. g iﬁg D Colr:_rrergtrion
Maxim a N
imam > System *  System ;
ref 2 _add
Trig Trig Phase C —
> i » calculator >
functions ;
algorithm

Figure 5.14: Rotor synchronous and supersynchronous vibration force diagnosis subsystem

This relation between the amplitude of the vibration force and amount of current required by
cach amplifier, are called the workforce relation current and is defined by irer_1r and fref 2R. lref 1R
refers to the workforce relaton current for the top power amplifier and lef 2r tefer to the

workforce relation current for the battom power amplifier.

The workforce relation current serves as an amplifier (booster) and increases or decreases the
amplitude of the correction force according to the error made on the displacement. These

increases and decreases at the correct amplifiers, causes faster correction force response times.

Figure 5.15 provides the fuzzy surface plot for the workforce relation current 1 (fer_1r). With

displacement error (€) and boundary error (eg) as inputs.
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Figure 5.15: Fuzzy surface plot for workforce relation current 1 (iref_1R).

The workforce relation current 1 (jrer 1r) reaches maximum, when both the displacement error
and boundary error reaches maxima. The workforce relation current 2 is calculated as follows:

Iref 2r = 1.0 = Ire_1R (5.8)

The error correction subsystem uses the features A, B, C, D and irer 1r to calculate the correction
reference currents fref_1_ada and fref_2_ada that will be used to induce correction forces on the rotor.
The correction reference currents will be added to the AMB controller reference currents. The
error correction subsystem uses the frequency (B) to distinguish the fault (vibration force) as a
subsynchronous or supersynchronous vibration force. The correction is performed when the

vibration force frequency is higher than the rotational speed frequency (w) of the rotor.
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Figure 5.16: Fuzzy membership functions for the (a) maximum error and (b) minimum error

Figure 5.16 provides the fuzzy membership functions for the maximum error (MAX-error) and

the minimum error (MIN-error). MAX-error refers to the maximum error over a period of time.
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The maximum block identifies the position of the largest element in each column of the
displacement error (€) over a period of time. MIN-error refers to the minimum error over a
period of time. The minimum block identifies the position of the smallest element in each
column of the displacement error (€) over a period of time. Fuzzification is performed by using

the overlapping fuzzy sets bad negative (B-), good (G) and bad positive (B+).

Table 5.5: Rule matrix for the amplitude (A) and offset (D)

MAX-error

B+
.. B P
MIN- P
M

zZ X X|Q
zZXxXfE

The basic rule for using the features (MAX-error and MIN-error) is: IF MAX-error AND MIN-
error THEN A. The same rule counts for variable D. Table 5.5 provides the rule matrix for the
amplitude (A) and the offset (D). Defuzzification of the fuzzy membership functions A and D are

performed by using overlapping fuzzy sets small (S), big (B) and very big (VB) and negative (N),
middle (M) and positive (P), respectively.
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Figure 5.17: Fuzzy surface plot for amplitude A

Figure 5.17 shows the fuzzy surface plot for amplitude A, with minimum error and maximum

error as inputs. Amplitude A reaches a maximum, when the maximum error reaches a maximum

and the minimum error reaches a minimum.
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Figure 5.18: Fuzzy surface plot for offset D

Figure 5.18 shows the fuzzy surface plot for offset D, with minimum error and maximum error
as inputs. The offset D reaches a maximum when the maximum error and minimum error reach

maxima.

5.3.7. ERROR CORRECTION SUBSYSTEM

The subsynchronous vibration force error correction subsystem forces the PID controller to
overcompensate for the vibration forces made in the AMB system. The system reacts on the
vibration forces as if bigger forces are occurring in the system and corrects or minimises the
vibration. During supersynchronous vibration force error correction, correctional forces are
applied to stabilise the rotor. During the fault detection stage the frequency is calculated by using
the WVD, but the WVD needs at least two cycles of the error signal to calculate the precise
frequency.

The time needed to calculate the precise frequency for supersynchronous vibration forces is
sufficient, but for subsynchronous vibration forces only an estimate of the vibration frequency
can be obtained. The WVD therefore serves as en excellent decision maker between
subsynchronous and supersynchronous vibration forces and provides the precise frequency

during supersynchronous vibration forces.

During supersynchronous vibration force diagnosis, the fault features (A, B, C, D) extracted
from the AMB system are subject to system parameters. The measured features therefore need to

be fitted with the following equations for them to represent the correcting features:
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AComact 7= AMeasure s Asystsm

(5.9)

with A = 1.667 10> A/m

system

where Acorect represents the amplitude of the correcting reference current, Apeasure represents
the amplitude of the measured displacement error obtained from the fuzzy controller and Asystem

represents the fitting amplitude.

Asystem has a large value, due to the large difference between the measured amplitude of the
displacement error and the needed amplitude of the correctional reference current. Asystem Was
calculated by adding all the gain components between the displacement (Xp) and the reference

currents (iref 1 and Jref 2).

BCorrect = BMeasure (5.10)

The frequency of the correctional reference current (Bcorrect) is the same as the frequency of the

measured displacement error (Bueasure)-

& +C

Correct — CMeasure system

with € (5:11)

system

=25rad

The phase of the measured displacement error (Cpeasure) need to be shifted, due to phase shifts
caused by the integral and derivative components of the PID controller and integration of the
AMB model on the measured displacement error. The fitting phase (Csystem) Was calculated by
adding the phase shifts caused by the integral and derivative components of the PID controller

and phase shift caused by integration of the AMB model.

Dcorect =Dumeasure (5.12)

The offset of the correctional reference current (Dcorrect) is the same as the offset of the measured

displacement error (Dpeasure)-

The error correction equation for the top magnetic bearing is given by (5.13) and added to irer 1.

i ref_1_add ~— _iref_ 1R 'Acon'ecf Sin(Bconectt 0 et )+ Dcorrect
(5.13)

= "'ref_fR : (1 667 x 105 ) AMeasure Sin(BMeasure t+ (CMeasure + 2'5))+ DMeasure

The error correction equation for the bottom magnetic bearing is given by (5.14) and added to iref 2.

5 -
"ref_z_add = "ref_zR '(] 667x10 ) AMeasure Sm(BMeasuret i (CMeasura s 2'5))+ DMeasure (5-14)
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5.4. HARDWARE SETUP

Discrete sampling of the displacement signals of the physical AMB system was done by means
of the dSPACE® 1104 controller board, equipped with a DSP TMS320F240 from Texas
Instruments. A user-interface was created in Controldesk® to perform data acquisition on the
physical system. The real-time implementation process and hardware setup is detailed in

appendix C.

Due to the complexity of the control, detection and correction, the dSPACE® controller was not
able to handle all the instructions and real-time errors occurred. This problem was solved by
implementing two dSPACE® 1104 controller boards, one for each axis of the magnetic bearing.
A roller bearing was installed on the right side of the rotor. This lead to an increase in the

sampling time of the DSP, since only one side has to be suspended.

The vibration forces and speed sensor calculations were performed by the left dSPACE®
controller and communicated to the other dSPACE® controller by means of D/A and A/D
channels. Diagnosis and correction were performed by the right dSSPACE® controller. Figure 5.19
shows the hardware setup with the dSSPACE® controllers.

X-axis Y-axis
Vibration
oo dSPACE 1104 dSPACE 1104 Diagnosis
S DSP DSP K— and
PEE" . TMS320F240 TMS320F240 | correction
sensor =
A<l osition A/DSA
g%ﬁ Power amp /A1
334 Power amp D/A3
L4 \A 7
Magn.etic AMB Model Roll.er
bearing bearing

Figure 5.19: Hardware setup with the dSSPACE" controllers

During the investigation of the displacement signals of the double radial AMB system, it became
evident that synchronous vibrations were introduced by the roller bearing when the rotor was
rotating. These vibrations were incorporated in the displacement masking and boundary

calculation process of the fault detection subsystem (detailed in section 5.3.3).
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Figure 5.20 shows the masked (Xmp) and actual displacement (X,) during the practical
implementation phase. The no fault displacement (Xmp) is subtracted from the fault displacement

(Xp_raurt) to provide the displacement error (€).

Amplitude (m)

-1.5

0 U Dt U5 BGE 01
Time (s)

Figure 5.20: Displacement masking during the practical implementation phase

The amplitude (A) and frequency (@) were used as scaling factors on the masked displacement.
When the amplitude (A) of the displacement increased, the amplitudes of the individual signals in
the masked displacement also increased and when the frequency (@) increased (i.e. when the rotor

is turning faster) the frequency of the individual signals in the masked displacement also increased.

5.5. FAULT IDENTIFICATION SUBSYSTEM

Figure 5.21 provides the process diagram of the fault identification subsystem. When no fault
(no vibration force) is detected (i.e. when the parameters A, B, C and D are zero), the
identification subsystem provides no output. When a fault (vibration force) is detected, the
subsystem uses the frequency to determine to which dataset (subsynchronous, rotor synchronous
or supersynchronous) the fault belongs. The subsystem calculates the best possible fit of the

historical fault data in the specific dataset with the data obtained from the practical AMB system.

If the frequency rapidly changes from one dataset to another, the subsystem saves the output,
predicts the closest type of fault (unbalance, misalignment, foundation looseness or as specified
in the historical fault database) and recalculates the fault in the new dataset. When the frequency
stays within a certain dataset, the subsystem is set to repeatedly calculate the average error over a
time period of 1 second. The time period was calculated at five times the period of the masked
displacement at 1000 rpm. The type of fault is allocated to the fault in the dataset with the

smallest error over the available time period.
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Figure 5.21: Process diagram of the fault identification subsystem

After the type of fault is stored, the subsystem displays the parameters of the fault and
determines the current state of the fault. The current state of the fault is calculated from the
boundaries (B7p, B2, and B3p). The subsystem determines the side and axes where the fault
occurs from the displacement error signals. The identification subsystem was limited to the A-
side and the y-axes, due to the installation of the roller bearing on the B-side and the limitation in
the sampling time of the dSPACE® controller. The day and time when the fault first occurred is

saved and displayed.

Figure 5.22 shows the parameter diagram of the fault identification subsystem used to calculate
the type of fault, parameters of the fault, where the fault occurs, critical state of the fault and time
when the fault occurred. The data fitting system calculates and compares the best possible fit of
the parameters A, B, C and D of the running AMB system with the parameters (Apase, Bbase,
Chase and Dpase) of the historical fault database. The parameters Apase, Bpase, Chase and Dpase

were calculated separately from the historical database error (€ef) and forms part of the database.

The parameter calculator system uses the same building blocks of the diagnosis system in
section 5.3.6 to calculate the parameters Apase, Bbase, Chase and Dpase. The data fitting system
has access to all the datasets in the historical fault database and calls the number of the dataset
(sef) when a fit has been completed. The data fitting system sends the number of the dataset
(sef) with the closest fit and the accuracy of the fit (fif) to the diagnostic system. The historical
fault database provides the diagnostic system with the type of fault (Fyata).
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Figure 5.22: Parameter diagram of the fault identification subsystem

The output is displayed as a percentage fit to a specific dataset and the corresponding fault in the
dataset. Each time the identification subsystem recalculates the frequency the parameters A, B,

C and D are saved as the output parameters of the fault.

The amplitude of the boundary error (Ap) is obtained by comparing the actual displacement (Xp)
with the displacement boundaries (B1p, B2, and B3;). This index provides the diagnostic system
with the current state of the rotor. The current state of the rotor is divided into four sections: 1)
good operating condition where X, < B1p, 2) fault in system where B, < x, < B2,, 3) critical

state where B2p < xp < B3, and 4) system shutdown where X, > B3,.

Faults are allocated to the A-side and B-side and can occur in the x and y axes. The side and axes
with the largest displacement error indicates where the fault causes the most damage. The exact
time when the fault first occurred is saved and displayed. The running time (f) parameter is used

to calculate the exact time.
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Figure 5.23: Data fitting of a subsynchronous vibration force.

Figure 5.23 displays data fitting of a subsynchronous historical fault (calculated from the
parameters Apase, Bbase, Cbase and Dpase) with the fault calculated from the parameters i
and D obtained from the practical AMB system. The solid lines in figure 5.23 represent the
historical fault from the water cooling AMB pump and the dashed lines with the circle markers
represent the fault from the double radial AMB system. In figure 5.23 the frequency of the fault
stayed constant within the subsynchronous vibration force area, therefore the sampling time of

the parameters was kept constant.
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Figure 5.24: Data fitting of subsynchronous with sudden change to rotor synchronous vibration force

Figure 5.24 displays data fitting where the frequency of the fault changed from the
subsynchronous vibration force area to the rotor synchronous vibration force area. The sampling
time of the parameters was increased when the frequency entered the rotor synchronous vibration

force area. The sampling of the parameters is performed by the data fitting system.
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Figure 5.25 shows a screenshot of the fault identification program written in MATLAB®. This
program calculates and displays the type of vibration force (unbalance, misalignment, foundation
looseness or as otherwise specified in the historical fault database), vibration force fit to a
specific dataset, side of the vibration force (A-side or B-side), vibration force axes (x or y), rotor
state (good condition, fault in system or system critical), vibration force parameters (A, B, C and

D), day and time when the vibration force occurred.
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Figure 5.25: Screenshot of the fault identification i)rogram

5.6. SIMULATION VERIFICATION

5.6.1. SIMULATION RESULTS

During the simulation phase of this scheme the rotational speed frequency was chosen at
1000 rpm and faults (vibration forces) were induced by applying the vibration force (f4) files
onto the AMB system to see how the diagnosis and correction scheme reacts. The displacement
(Xp) of the AMB system with subsynchronous and rotor synchronous vibration forces can be seen
in figure 5.26 and figure 5.27, respectively.
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Figure 5.26: AMB system with subsynchronous vibration force
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Figure 5.27: AMB system with rotor synchronous vibration force
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Figure 5.28: AMB system with supersynchronous vibration force

Figure 5.28 provides the displacement with a supersynchronous vibration force. The scheme was
designed to simulate and capture the displacement of the simulation and practical AMB models
(as shown in figure 5.6) without any vibration force for the first 10 seconds, thereafter to induce
the vibration force and activate the diagnosis and correction scheme at 20 seconds. When no
vibration force (0 to 10 seconds) is occurring on the AMB system, the system is suspended only

by the PID controller, which was designed with a specific stiffness and damping.
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The induced vibration forces were scaled to smaller amplitude. This was done to prevent the
rotor from crashing against the retainer bearings and causing damage to the AMB system. When
the non-scaled vibration forces were induced the optimised PID controller became unstable. The
figures in this section show the scaled vibration forces (10 to 20 seconds) and how the diagnosis

and correction scheme reacts on them (after 20 seconds).

A good comparison can therefore be made between the optimised PID controller (10 to 20
seconds) and the proposed diagnosis and correction scheme (activated after 20 seconds). The
diagnosis and correction scheme was able to minimise the vibration forces. The simulation GUI

and base code used to obtain results in this section can be found in appendix B.

5.6.2. EXPERIMENTAL RESULTS

During the practical implementation phase of this scheme the rotor speed was held constant at
1000 rpm and vibration forces were induced by implementing the reference current fault (iy) files
onto the AMB system to see how the diagnosis and correction scheme reacts. The implementing

of the reference current fault (jy) files are described in section 5.3.2 and appendix C.

The displacement (xp) of the AMB system with subsynchronous and rotor synchronous vibration
forces can be seen in figure 5.29 and figure 5.30, respectively. Figure 5.31 provides the

displacement with a supersynchronous vibration force.
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Figure 5.29: AMB system with subsynchronous vibration force
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Figure 5.30: AMB system with rotor synchronous vibration force
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Figure 5.31: AMB system with supersynchronous vibration force

When no vibration force is occurring on the AMB system, the system is suspended only by the
PID controller (designed with specific stiffness and damping). From the experimental results it
can be seen that the PID controller, becomes unstable when the vibration forces are induced
(between 10 to 20 seconds) on the system. The diagnosis and correction scheme (activated after

20 seconds) was again able to minimise or correct the vibration forces.



DESIGN: DISPLACEMENT ANALYSIS SCHEME  5.31

The author would like to refer the reader’s attention to results obtained in a study by Britcher
[20]. His study provides a comparison between different digital controllers used in magnetic
bearing systems. From these results the reader can make a comparison between different

optimised digital controllers and the proposed correction scheme mentioned in this chapter.

5.7. CONCLUSION

The scheme presented in this chapter concentrated on the detection and correction of vibration
forces on the rotor of an AMB system. The fault diagnosis and error correction stages were
divided into subsynchronous, rotor synchronous and supersynchronous vibration force
subsystems, with the subsynchronous vibration force subsystem forcing the controller to
overcompensate for vibration forces and the rotor synchronous and supersynchronous vibration
force subsystem correcting the vibration forces by inducing correction forces onto the rotor of

the AMB system.

The detection and correction scheme corrected and minimised faults (vibration forces) to a stable
operating condition. The experimental results obtained from the double radial AMB test rack
correlated with the simulated results. The methods and implementation of predictive simulation,
model validation and test implementation were shown here to be useful for detection, diagnosis

and correction of faults on AMB systems.

During the fault identification section the precise fault was calculated by performing data fitting
on the historical fault data of the water cooling AMB pump and the parameters A, B, C and D
obtained from the double radial AMB test rack.

The current limit of the power amplifiers and the run-time of the processors were the two main
limitations of this scheme, during the practical implementation phase. During normal operation
of the double radial AMB, the power amplifiers require 4 to 5 ampere, which only leaves 5 to 6
ampere for fault inducement and correctional purposes. Due to the complexity of the diagnosis
and correctional subsystems, a lot of processing time was required, which caused run-time errors
during real-time implementation on the dSPACE® controller. This problem was solved by

implementing an additional dSSPACE® controller.
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The overall performance of the error correction subsystem is determined by the integrated
performance of the individual subsystems. The method of performing detection, diagnosis and
correction must be seen as a whole and the performance of the complete scheme, rather than a
single component must be evaluated. The method of real-time frequency extraction with the
WVD and real-time feature extraction by means of the fuzzy logic controller are the most crucial

components in the design of the detection, diagnosis and correction scheme.

At startup the AMB system is suspended only by the PID controller. When a vibration
(disturbance) force occurs on the system, the detection, diagnosis and correction scheme
measures the exact error and applies correction forces. At this stage the measured error decreases
and causes the correction subsystem to apply correction forces with smaller amplitudes. At the
next stage the measured error increases (due to smaller correction forces) and the correction
subsystem applies correction forces with larger amplitudes. This controlling process is repeated

until the no vibration force is detected.

Appendix G provides a list of additional information applicable to this chapter.



CHAPTER 6
DESIGN OF THE REAL-TIME CURRENT ANALYSIS, CORRECTION
AND IDENTIFICATION SCHEME

6.1. INTRODUCTION
This chapter provides the design of the real-time current analysis, correction and identification
scheme. As mentioned in chapter 1, the design of the real-time scheme in this chapter is the

second of three real-time detection, correction and identification schemes.

This scheme focuses on using the available sensors and actuators to perform current analysis. A
real-time detection, diagnosis and correction scheme was developed that performed the current
analysis process and induced correctional forces on the rotor of the rotating AMB system. The
detection scheme constitutes current masking and feature extraction performed by the Wigner-
Ville distribution (WVD). The diagnosis and correction scheme constitutes pattern recognition

and fuzzy logic.

The same two AMB systems used in chapter 5 were used in this scheme. The historical fault
datasets and vibration forces on the rotor of the AMB systems are the same as defined in

chapter 5.

6.2. SCHEME DEVELOPMENT

This section explains the scheme development process of the real-time current analysis,
correction and identification scheme. A process diagram of the vibration and correction forces is
shown in figure 6.1. At start up the AMB system is suspended only with PID controllers and
rotated at the desired speed of 1000 rpm.

Current masking is performed during this initial period when no vibration forces are occurring
on the AMB system. The rotational speed of the rotor is used as input to the current masking

process. The masked current is stored to memory.

6.1
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Figure 6.1: Illustration of the vibration force detection process.

When a vibration force occurs on the rotor, the scheme detects the fault (vibration force) and
calculates the vibration error, frequency and pattern. The stored no fault current is used to
calculate the vibration error. Data fitting is then performed on the vibration error and the masked

current.

The fault identification subsystem identifies the fault according to results obtained from the data
fitting, vibration error, frequency and pattern. The frequency and pattern are sent to the fault
diagnosis and error correction subsystems, which calculate the correction currents needed to

stabilise the rotor.
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Figure 6.2: Illustration of the vibration and correction forces on the rotor of the AMB system.
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The rotor view of the vibration and correctional forces, where the PID controller fails to correct
the vibrations is shown in figure 6.2. In this diagram a vibration force causes the rotor to
suddenly move to the upward right corner. Without immediate correction the rotor will crash

against the retainer bearings and cause damage to the AMB system.

Correction forces are applied on the rotor by increasing or decreasing the reference currents iref 1
and irer 2 according to the direction of the vibration force. The real-time detection, diagnosis and

correction scheme performs the calculations for the correction forces.

Figure 6.3 provides an overview of the detection, diagnosis and correction scheme that was
implemented on the double radial AMB test rack. The fault detection subsystem uses the currents
i1 and /> to detect the vibration forces on the AMB system and calculates the current errors €1
and ejp, through a process of current masking and error calculation. The fault detection

subsystem is explained in section 6.2.1.

After a fault has been detected, the error signals (€j; and ej2) are sent to the fault diagnosis
subsystem where feature extraction is performed. The fault diagnosis subsystem is explained in
section 6.2.2. The error correction subsystem uses the diagnosis output error (€q47) and the
workforce relation current (irer 1r) as features to stabilise the rotor by inducing correction forces

on the rotor. The error correction subsystem is explained in section 6.2.2.

The parameters iref 1_add and irer 2_add represent the correction reference currents for the top and

bottom magnetic bearings, respectively.
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1 : . 3
> Current °y| Diagnosis |a1, c
AMB | i, | Masking and and gon ek
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i i CORRECTION
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Figure 6.3: Overview of the detection, diagnosis and correction scheme.
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The fault identification subsystem uses the current errors (€;; and €j), historical database errors
(ei1_rer and €j2 rer) and the frequency (B_es) to identify the type of vibration force. The fault

identification subsystem is explained in section 6.2.3.

The same simulation and practical AMB models (for inducement of vibration forces on the rotor
of the AMB systems) described in section 5.3.2 were used during the design of the real-time

current analysis, correction and identification scheme of this chapter.

6.2.1 FAULT DETECTION SUBSYSTEM

The fault detection subsystem (shown in figure 6.4) constitutes current masking, error
calculation and frequency calculation. Current masking is performed by capturing one cycle of
the current (/1) during a no fault condition of the AMB system. A sine wave representation of the
no fault current (i1_mask) is obtained and stored to memory. This process is done only once and

when no vibration force is occurring on the AMB system.

Cycle Time

i 5 i,_,au,, | Calculator
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> Masking |2mas)  gopop Distribution
i ; Calculation yWVD index
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"rer?_ﬂg Amplifiers |/, 44 i2 | Calculator —»

(Characteristics) Algorithm

Figure 6.4: Fault detection subsystem.

When a fault occurs in the system, the current (jy) is called the fault current (/1_aur). The no fault
current (i1_mask) is subtracted from the fault current (i1_faur) to provide the current error (€;1).
When there is a sudden change in the rotational speed frequency (w) of the rotor, the frequency
of the no fault current (/1 mask) is changed to compensate for the change. The current masking

process during the practical implementation phase is discussed in section 6.3.

When a vibration force occurs in the AMB system, the detection, diagnosis and correction
scheme corrects the fault (vibration force) by inducing correctional forces to the shaft. These
correctional forces are applied by adding correctional reference currents (iref1_add and fref2_add) to

the existing reference currents (irer_1 and Jre 2).
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When the correctional reference currents are applied the actual currents (/1 and i) change. To retain
the initial error information prior to the error correction the error correction currents need to be
subtracted from the resulting currents of the corrected system. In this manner a change in error

conditions will be sensed and appropriately corrected by a change in the error correction currents.

The WVD was calculated by using (4.48) and the frequency (B_ey) was calculated from the
WVD and a frequency calculator algorithm. The accuracy of the frequency was improved by
sampling the WVD at twice the cycle time ({) of the error signal (€j7).

Amplitude (A)

Time (s)
Figure 6.5: Frequency calculation with the WVD.

The WVD is calculated from the current error (€j7) and the peaks Py and P are calculated from
the positive peaks of the WVD as shown in figure 6.5. From peak P the frequency of the fault
was calculated at 854.7 Hz. This frequency calculation is only to illustrate the WVD process and
is not a representation of the data obtained from the 250 kW water cooling AMB pump.

It can be seen from (6.1) that the second peak (P-) is a multiple of the first peak. The value
calculated in this equation provides an estimate of the error factor on the first peak (P7). In this
case the frequency calculated has 99.15 % accuracy.

i _2.36x 107

=2.017
P, 1.17x107 (6.1)
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6.2.2 FAULT DIAGNOSIS AND CORRECTION SUBSYSTEM

This section discusses the fault diagnosis and correction subsystem, shown in figure 6.6. The
pattern recognition 1 and 2 subsystems compare the current errors (€j; and ) of the real-time
AMB system with the reference current errors (€j1_rer and €2 rer) of the historical fault database.
The pattern recognition 1 and 2 subsystems call (€ca1 and €ca2) the reference current errors
from the database at a specific frequency (B_es). When a fault occurs without a recognisable
pattern, the pattern is band-pass filtered (centre frequency being the error frequency (B_ey)) and

stored to the historical fault database.

& P, Pattern ©1_pat
Recognition 1
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¢ecah’1 ?9” ref . efuz-f SYStem
Band-pass o, Historical Fuzzy Parameter
Filters and ["i1.{ Fault Logic Changes
Pattern €, ¢ i v €
: — Database System [ ref 1R d1
Construction ref1_add
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P, - Paﬁ‘?tf“ 5 System |5
e, 5| Recognition 2 pat

Figure 6.6: Fault diagnosis and correction subsystem.

Figure 6.7 shows the process diagram of the pattern recognition subsystem. The subsystem
measures the difference between the real-time current errors (€js and €;2) and the reference
current errors (€j1_rer and €j2 rer) from the historical fault database. If the error difference is big,
the error obtained from the real-time AMB system is used for correctional purposes. At this stage
no recognisable pattern exists and the pattern construction subsystem constructs and stores a new

pattern.

When the error difference is small (close to zero), the subsystem calculates the frequency and
closest pattern to the available real-time data. If the frequency stays constant, the subsystem uses
the closest pattern to correct the fault. If the frequency changes the subsystem tests the data in

the historical fault database for a possible combination pattern.

When no combination of the available data is found, the subsystem uses the real-time error to
correct the fault. A new pattern is constructed and stored to the database and the pattern
calculation process is repeated. If the subsystem finds a combination pattern, the subsystem uses

the pattern and stores the pattern as a combination pattern.
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The construction subsystem constructs and stores new patterns (€7 r and €2 ) according to the

fault signals (ej7 and ejp), when it receives pattern faults (Pz and Pp) from the pattern
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Pattern
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Figure 6.7: Process diagram of the pattern recognition subsystem.

The more faults occur in the AMB system the more new correctional data become available. The
subsystem is able to switch between different patterns and train itself to react on faults that are a
combination of the available fault data. An orbital representation of the currents (i1« and i7y) and
three subsynchronous vibration force correctional patterns can be seen in figure 6.8. Pattern
Subpew is a trained pattern which consists of pieces of three subsynchronous vibration force

correctional patterns subs, sub and subs.
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Figure 6.8: Orbital representation of the subsynchronous vibration force pattern errors.
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The pattern (Subpew) was stored as a combination pattern and decreased the vibration forces on
the rotor of the AMB system. For each of the patterns in the historical fault database there exist a

frequency and description.
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Figure 6.9: Fuzzy membership functions for (a) pattern error 1 and (b) pattern error 2.

Figure 6.9 provides the fuzzy membership functions for pattern error 1 (€1 pa) and pattern
error 2 (€2 pat). Fuzzification is performed by using the overlapping fuzzy sets bad negative (B-),
good (G) and bad positive (B+).

The fuzzy logic controller has the ability to cope with knowledge represented in a linguistic form
instead of a conventional mathematical form. The mathematical model of the diagnosis and
correction subsystem is complex and implementation of the model as a real-time controller

would be less effective than using the proposed fuzzy controller.

Table 6.1: Rule matrix for fuzzy current error (€,z1) and relation current (irer 1R)

€1 pat
G B-
M M
M M
M N

The basic rule for using the features (€1 pat and €2 pat) is: IF €1 pat AND €2 pat THEN €yyz1. The
same rule applies for variable jrr 1r. Table 6.1 provides the rule matrix for fuzzyl current error
€fuz1 and relation current irer_15. The fuzzy surface plots for fuzzy1 current error (€f,z1) and relation
current 1 (irer 1r) are shown in figure 6.10 and figure 6.11, respectively. Defuzzification of the
fuzzy membership functions €f;;1 and irer 17 are performed by using overlapping fuzzy sets
negative (N), middle (M) and positive (P) and bottom (B), middle (M) and top (7), respectively.
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Figure 6.10: Fuzzy surface plot for fuzzy1 current error (€fyz1).

When a vibration force causes the rotor to move downward, the reference current 1 (jrer 1) needs

to be more than reference current 2 (irer 2) to stabilise the rotor to the centre position.
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Figure 6.11: Fuzzy surface plot for relation current 1 (irer_1r).

This relation between the amplitude of the vibration force and amount of current required by
each amplifier is called the workforce relation current and is defined by irer 17 and frer 2. Iref_1R
refer to the workforce relation current for the top power amplifier and Iref 2r refer to the

workforce relation current for the bottom power amplifier.

Workforce relation current 2 (irer 2r) is calculated as follows:

iref_2r= 1.0 — iref 1R (6.2)
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The workforce relation current serves as an amplifier (booster) and increases or decreases the
amplitude of the correction force according to the error made on the current. These increases and

decreases of the correct amplifiers cause faster correction force response times.

System parameter changes of amplitude change and phase shifting is performed on the fuzzyl
current error (€r,z1), before sent to the error correction subsystem. The fuzzy current error is then

called the diagnosis output error (€41).

Correctional reference 1 current is calculated as follows:

Iref1_add = Iret_1R*€d1 (6.3)

The correctional reference 1 current is added to reference current 1 (jrr 7). Correctional reference
2 current is calculated as follows:
Iref2_add = -Iref 2R* €41 (6.4)

The correctional reference 2 current is added to reference current 2 (irer 2).

6.2.3 FAULT IDENTIFICATION SUBSYSTEM

Figure 6.12 provides the process diagram of the fault identification subsystem. When no fault
(no vibration force) is detected, the identification subsystem provides no output. When a fault
(vibration force) is detected, the subsystem uses the frequency to determine to which frequency
dataset (subsynchronous, rotor synchronous or supersynchronous) the fault (vibration force)
belongs. The subsystem performs data fitting to calculate the best possible fit of the historical
fault data in the specific dataset with the data obtained from the practical AMB system.

If the frequency rapidly changes from one dataset to another, the subsystem saves the output,
predicts the closest type of fault (unbalance, misalignment, foundation looseness or as otherwise

specified in the historical fault database) and recalculates the fault in the new dataset.

When the frequency stays within a certain dataset, the subsystem is set to repeatedly calculate
the average error over a time period of 1 second. The time period was calculated at five times the
period of the masked current at 1000 rpm. The type of fault is given to the fault in the dataset

with the smallest error over the available time period.
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After the type of fault is stored, the subsystem displays the parameters of the fault and
determines the current state of the fault. The current state of the fault is calculated from the
maximum current output of the power amplifiers. The subsystem determines the side and axis

where the fault occurs from the current error signals.

Faults are allocated to the A-side and B-side and can occur in the x, y and z axes. The
identification subsystem was limited to the A-side and the y-axes, due to the installation of the
roller bearing on the B-side and the limitation in the sampling time of the dSPACE® controller.

The day and time when the fault first occurred is saved and displayed.
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Figure 6.12: Process diagram of the identification subsystem.

Figure 6.13 shows the parameter diagram of the fault identification subsystem used to calculate
the type of fault, where the fault occurs, current state of the fault, parameters of the fault and the
day and time when the fault first occurred. The data fitting system calculates and compares the
best possible fit of current 1 error (&js) and current 2 error (€j2) of the real-time AMB system
with the reference current 1 (€j71_ref) and reference current 2 (€2 o) of the historical fault
database. The data fitting system sends the number of the dataset (Ng) with the closest fit and the

accuracy of the fit (Ag) to the diagnostic subsystem.

The historical fault database provides the diagnostic subsystem with the type of fault (Fgata). The
output is displayed as a percentage fit to a specific dataset and the corresponding fault in the
dataset. Each time the identification subsystem recalculates the frequency the parameters A_ey,

B_e+, C_esand D_ej are saved as the output parameters of the fault.
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The amplitude of the frequency pattern error (Ag) is obtained by comparing pattern 1 error
(e1_pat) and pattern 2 error (€2 pat) With the maximum current output of the power amplifiers
(PA1max and PA2max). This index provides the diagnostic subsystem with the current state of the
rotor. The current state of the rotor is divided into four sections: 1) good operating condition,
where €1 pat < (0.2)'PATmax; 2) fault in system, where (0.2)'PATmax < €1 pat < (0.45)'PATmax;
3) critical state, where (0.45):PATmax < €1 pat < (0.7):PA7max and 4) system shutdown where

€1 pat > (0.7)'PA1max. The same rules apply for €2 pat and PA2yax.

The side and axis with the largest current error indicates where the fault causes the most damage.
The exact time when the fault (vibration force) first occurred is saved and displayed. The

running time (f;) is used to calculate the exact time.

B0 4 4% {Bei gt

Historical |Sir_re e fit
Eault > Data Fitting N =>Type of fault
Database |2re,| System | it
I & Fdata__

e =>Where fault occurs
T_pat—> Frequency

€2past— 5| Pattern |Ag .
PA1,z—»| Comparator Diagnostic
PA2 —» System Subsystem = Current state
Min, A_e
Minimum > Fuzz_y >
Maximum LMax Logic |h o = Parameters of fault
> System }—3%
e.i".'
; ; Phase
Trig Trig C_eL
. » Calculator > =>Day & Time of fault
Functions Algorithm

Figure 6.13: Fault identification subsystem.

Figure 6.14 displays data fitting where the frequency of the fault changed from the
subsynchronous vibration force area to the supersynchronous vibration force area. The solid lines
represent the historical database error (€j1_rer) from the water cooling AMB pump and the dashed

lines represent the real-time error (€j7) from the double radial AMB system.

The sampling time of the parameters was increased when the frequency entered the
supersynchronous vibration force area. Sampling (shown by the markers) of the parameters is

performed by the data fitting system.
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Figure 6.14: Data fitting of a subsynchronous with change to a supersynchronous vibration force.

Figure 6.15 provides the fuzzy membership functions for the maximum error (MAX) and
minimum error (MIN). MAX refers to the maximum error over a period of time. The maximum
block identifies the position of the largest element in each column of the current error (ej7) over a

period of time.

Bad neg. (B-) Good (G) Bad pos.(B+) Bad neg. (B-) Good (G) Bad pos.(B+)
' ’/ 1.0 5 ]
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(a) Maximum error (MAX) (b) Minimum error (MIN)

Figure 6.15: Fuzzy membership functions for the (a) maximum error and (b) minimum error.

MIN refers to the minimum error over a period of time. The minimum block identifies the
position of the smallest element in each column of the current error over a period of time.
Fuzzification is performed by using the overlapping fuzzy sets bad negative (B-), good (G) and
bad positive (B+).

Table 6.2: Rule matrix for the amplitude (A_e+) and offset (D_e¢)

MAX MAX
B+ G e B+ G B-
S S S (& M M
VB S S e | P M M
B VB = B- M N N
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The basic rule for using the features (MAX and MIN) is: IF MAX AND MIN THEN A_e;. The

same rule applies for variable D_ey. Table 6.2 provides the rule matrix for the amplitude A_ey

and offset D_ey.

Amplitude (A_e/)
bW R Oy e

-10

. B
-10 5 0
MAX-error (MAX) 10 MIN-error (MIN)

Figure 6.16: Fuzzy surface plot for amplitude A_e1.

The fuzzy surface plots for the amplitude (A_es) and the offset (D_ey) are shown in figure 6.16
and figure 6.17, respectively. Defuzzification of the fuzzy membership functions A_esand D_ey

are performed by using the overlapping fuzzy sets small (S), big (B) and very big (VB) and
negative (N), middle (M) and positive (P), respectively.

Offset (D_ey)
o

5 -10

10 : 0
5
MAX-error (MAX) 10 MIN-error (MIN)
Figure 6.17: Fuzzy surface plot for offset D_e.
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Figure 6.18 shows a screenshot of the fault identification program written in MATLAB®. This
program calculates and displays the parameters of the fault identification subsystem of
figure 6.13. Faults (vibration forces) are calculated and displayed as a specific type of fault
(misalignment, foundation looseness, unbalance or as otherwise specified in the historical fault
database), fault fit to a specific dataset, side where the fault occurs (A-side or B-side), axes
where the fault occurs (X, y or z-axes), current state of the fault (good, fault, critical or shutdown)
as well as the actual error percentage of the fault and day and time when the fault first occurred.

The parameters (amplitude, frequency, phase and offset) of the fault are also shown.

J Fault ldentification
Fle Edit View Insert Tools Window Help

Type and Time of fault

Fault Percentage fitto data  Side Axes Current state Day Time
1) No fault Good condition (11%)  28/09/2006  08:30:02 &
| 2) New low frequency New dataset A~gide  y-axes Faultin system (57%)  28/09/2006 (38 |
3) Misalignment Fitto dataset2 (97%) A-side  y-axes Faultin system (47%)  28/09/2006
4) Foundation looseness  Fitto dataset 3(98%) A-side axes System critical (82% 28/09/2006
BY Linbalance Fitic dataset 2 (9554} V-EXES Fault in svstem (38%) Zaiaa0s
Clearlist |
Parameters of the fault
% Amplitude (A_eT)[0.057 " mm  Phase (C_e!) [0350°  rad 'ﬁ m‘B MC
WomTmWeyE Frequency (B_eN)[17.1 Hz  Offset(D_el) 0001 i
UNVERSITY i ¥

Figure 6.18: Screenshot of the fault identification program.

6.3. HARDWARE SETUP

Discrete sampling of the displacement and current signals of the physical AMB system was done
by means of the dSPACE® 1104 controller board, equipped with a DSP TMS320F240 from
Texas Instruments. A user-interface was created in Controldesk® to perform data acquisition on
the physical AMB system. The real-time implementation process and hardware setup is detailed

in appendix C.

Due to the complexity of the control, detection and correction, the dSPACE® controller was not
able to handle all the instructions and real-time errors occurred. This problem was solved by
implementing two dSPACE®™ 1104 controller boards, one for each axis of the magnetic bearing.
A roller bearing was installed on the right side of the rotor, which increased the sampling time of

the DSP, since only one side has to be suspended.
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The vibration force calculations, speed sensor calculations and current masking process were
performed by the left dASPACE® controller and communicated to the other dASPACE® controller
via serial communication. The application of the vibration forces and diagnosis and correction

scheme calculations were performed by the right dSPACE® controller. Figure 6.19 shows the
hardware setup with the dSPACE® controllers.

Calculate Current Apply Diagnosis and
forces masking forces correction
& & & &4
X-axis Y-axis

dSPACE 1104
Controller 1

dSPACE 1104
Controller 2

DSP TMS320F240 | GND | DSP TMS320F240

A v r
o g % o Power amp 1 D/A1
g g g < Power amp 2 D/A3

3N g = Position A/ID

2 Ee7 & Speed 100

a <‘F‘:F S Yy
Magn'etlc ‘ AMB Model | Roll_er
bearing bearing

Figure 6.19: Hardware setup with the dSSPACE® controllers.

During the investigation of the current signals of the double radial AMB system, it became
evident that synchronous vibrations were introduced by the roller bearing when the rotor was
rotating. These vibrations were therefore integrated into the current masking and correctional

pattern calculation process of the fault detection and diagnosis subsystems (discussed in
sections 6.2.1 and 6.2.2).

Figure 6.20 shows the masked current (i1 mask) and the actual current (/) during the practical
implementation phase. The no fault current (i1_mask) is subtracted from the fault current (i1_taur)
to provide the current error (€j7). The amplitude of the current (i7) and the frequency (w)
obtained from the rotational speed of the rotor were used as scaling factors for the masked
current. When the amplitude (i) and frequency (@) increased, the amplitudes and frequencies of

the individual signals in the masked current were also increased.
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Amplitude (A)

Figure 6.20: Current masking during the practical implementation phase.

6.4. SIMULATION VERIFICATION
This section provides the simulated and experimental results of the double radial AMB test rack,

with subsynchronous, rotor synchronous and supersynchronous vibration forces.

6.4.1. SIMULATION RESULTS
During the simulation phase of this scheme the rotational speed frequency was chosen at
104.7 rad/sec (1000 rpm) and vibration forces were simulated by applying the vibration force (fs)

files to the AMB system to see how the diagnosis and correction scheme reacts.
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Figure 6.21: AMB system with subsynchronous vibration force.



DESIGN: CURRENT ANALYSIS SCHEME  6.18

x10°

]
No vibration force

Amplitude (m)

L Ry - R ] ik
ot MRS
o MSMOGNN
A 5 10 15 20 25 30

Figure 6.22: AMB system with rotor synchronous vibration force.

The displacement (Xp) of the AMB system with subsynchronous and rotor synchronous vibration
forces can be seen in figure 6.22 and figure 6.21, respectively. Figure 6.23 provides the
displacement with a supersynchronous vibration force.

x 10"

15 | .
No vibration force | Vibration force

Corrected

Amplitude (m)

Time (s)

Figure 6.23: AMB system with supersynchronous vibration force.

The scheme was designed to simulate and capture the actual displacement of the simulation and
practical AMB models (shown in fig. 5.6) without any vibration force for the first 10 seconds,
thereafter to induce the vibration force and activate the detection, diagnosis and correction

scheme after 20 seconds.
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6.4.2. EXPERIMENTAL RESULTS

During the practical implementation phase of this scheme, the rotor speed was held constant at

1000 rpm and vibration forces were applied by implementing the reference current fault (i) files

to the AMB system to see how the diagnosis and correction reacts.
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Figure 6.24: AMB system with subsynchronous vibration force.

Figure 6.24 and figure 6.25 show the actual displacement (X,) of the AMB system with

subsynchronous and rotor synchronous vibration forces, respectively.
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Figure 6.25: AMB system with rotor synchronous vibration force.
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Figure 6.26: AMB system with supersynchronous vibration force.

Figure 6.26 shows the actual displacement of the AMB system with a supersynchronous
vibration force. When no vibration force is occurring on the AMB system, the system is
suspended only by the PID controller (designed with specific stiffness and damping). From the
above figures it can be seen that the practical AMB system provides even better results than the

simulation AMB model.

6.5. CONCLUSION

The scheme presented in this chapter focussed on current analysis, correction and identification
of vibration forces on the rotor of an AMB system. The experimental results of the double radial
AMB test rack correlated with the simulated results and vibration forces were corrected or

minimised to a stable operating condition.

The pattern construction subsystem was able to construct new and combination patterns and the
diagnosis and correction subsystem was able to use these patterns to correct vibration forces. The
fault identification subsystem was able to calculate the exact type of fault, where the fault
occurred, the current state of the fault, the parameters of the fault and the exact day and time

when the fault first occurred.
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The current limit of the power amplifiers and the run-time of the DSP processors were the two
main limitations of this scheme. During normal operation of the double radial AMB, the power
amplifiers require 4 ampere, which only leaves 6 ampere for fault application and correctional

purposes.

Due to the complexity of the detection, diagnosis and correctional scheme, a lot of processing
time was required, which caused run-time errors during real-time implementation on the
dSPACE® controller. This problem was solved by implementing an additional dSPACE®

controller.

The methods and implementation of predictive simulation, model validation and test
implementation were shown here to be useful for detection, diagnosis and correction of vibration
forces on the rotor of the AMB system. A list of additional information applicable to this chapter

can be found in appendix G.



CHAPTER 7
DESIGN OF THE REAL-TIME MULTIPLE FREQUENCY FAULT
DETECTION, CORRECTION AND IDENTIFICATION SCHEME

7.1. INTRODUCTION
This chapter provides the design of the real-time muitiple frequency fault detection, correction
and identification scheme. As mentioned in chapter 1, the design of the real-time scheme in this

chapter is the third of the three real-time detection, correction and identification schemes.

This scheme uses the available sensors and actuators to perform multiple frequency fault
detection and correction of vibration forces on the rotor of a rotational AMB. The detection
subsystem constitutes displacement masking and feature extraction performed by the Wigner-
Ville distribution (WVD). The diagnosis and correction subsystem constitutes pattern

recognition and fuzzy logic.

The same two AMB systems used in chapters 5 and 6 were used in this scheme. The historical
fault datasets and vibration forces on the rotor of the AMB systems are the same as defined in

chapter 5.

7.2,  SCHEME DEVELOPMENT

The following section explains the scheme development process of the real-time multiple
frequency fault detection, diagnosis and correction scheme. The vibration force detection process
is the same as used in chapter 6 (figure 6.1), except current masking is replaced with
displacement masking. At start up the AMB system is suspended only with PID controllers and
rotated at the desired speed of 1000 rpm.

Displacement masking is performed during the initial period when no vibration forces are
occurring on the AMB system. The rotational speed of the rotor is used as input to the

displacement masking process. The masked displacement is stored to memory.

When a vibration force occurs on the rotor (and when the PID controller fails to correct the
vibration), the scheme detects the fault (vibration force) and calculates the vibration error,
frequency and pattern. The stored no fault displacement is used to calculate the vibration error.

Data fitting is then performed on the vibration error and masked displacement.

7.1
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The fault identification subsystem identifies the fault according to the result obtained from the
data fitting, vibration error, frequency and patiern. The frequency and pattern are sent to the fault
diagnosis and error correction subsyvstems, which calculate the correction currents needed to
stabilize the rotor. Correction forces are applied on the rotor by increasing or decreasing the

reference currents /rer 1 and fef 2 according to the direction of the vibration force.

Figure 7.1 provides an overview of the detection, diagnosis, correction and identification scheme
that was implemented on the double radial AMB test rack. The fault detection subsystem uses
the displacement (x,) to detect the vibration forces on the AMB system and calculates the

displacement error (e) and frequencies (By, Bz and B3) through a process of displacement

masking,
Vibration
forces
v FAULT DETECTION ||{[FAULT DIAGNOSIS _¥81vB, vB:v©
X, | Displacement g * Diagnosis [®1_re Fault
AMB 7" Masking and =t and o, oy 2
System | @ Error 2oly| Feature |5 esnllcatlon
Calculation [Bay,| Extraction =% SYstem
ed l ’ref_ﬂ? ¢
i i Error Workspace
ref1_add, 'ref2_add : and
Correction !
System Display

ERROR CORRECTION

Figure 7.1: Detection, diagnosis, correction and identification scheme.

The parameters By, Bz and Bj represent three different frequencies obtained from the
displacement error. This scheme focus on the analysis of only three frequencies, since a
maximum of three frequencies were obtained simultaneously in the historical fault data of the

water cooling AMB pump. The fault detection subsystem is explained in section 7.2.1.

After a fault has been detected, the error (e) and frequencies (84, B2 and Bs) are sent to the fault
diagnosis subsystem, where feature extraction is performed. The fault diagnosis subsystem is

explained in section 7.2.2.

The error correction subsystem uses the diagnosis output error {€4) and the workforce relation
current (irer 1) as features to stabilize the rotor by inducing correction forces on the rotor. The

error correction subsystem is explained in section 7.2.2.
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The parameters ot 1_adg and fref 2_ada represents the correction reference currents for the top and
bottom magnetic bearings, respectively. The fault identification subsystem uses the displacement
error (e), historical database errors (€1 rer, €2 rer and €3 rer) and the frequencies (By, Bz and Bj)

to identify the vibration force. The fault identification subsystem is explained in section 7.2.3.

The same simulation and practical AMB models (for application of vibration forces on the rotor
of the AMB systems) described in section 5.3.2 were used during the design of the real-time

multiple frequency fault detection, correction and identification scheme of this chapter.

7.2.1 FAULT DETECTION SUBSYSTEM

The fault detection subsystem (shown in figure 7.2) constitutes displacement masking, error
calculation and parameter calculation. Displacement masking is performed by capturing one
cycle of the displacement (x,) during a no fault condition of the AMB system. A sine wave
representation of the no fault displacement (Xnp) is obtained and stored to memory. This process

is done only once and when no vibration force is occurring on the AMB system.

w

v
xt—» Dlsplacgment e Wigner wyp| Amplitude >4,
P masking > Ville +—> Calculator »A,
jxmp DiStrllT)L:tlon Algorithm A,

[
C IErr'or‘ Cycle Frequency B,
X0 fault ascu ation 184,10 Time Calculator »B,
ystem Calculator Algorithm >8,
ey +e

Trig Functions PC, Min, Max and D,
and Phase >C, Offset D
Calculator  »C, Calculator D,

Figure 7.2: Fault detection subsystem.

When a fault occurs in the AMB system, the displacement (X,) is called the fault displacement

(Xp_tauit). The no fault displacement (xmp) is subtracted from the fault displacement (Xp_faur) 10

provide the displacement error ().

When there is a sudden change in the rotational speed frequency (@) of the rotor, the frequency
of the no fault displacement (Xmp) is changed to compensate for the change. The displacement

masking process during the practical implementation process is discussed in section 7.3.
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The phase of the displacement crror (&) was calculated by using trigonometrical functions and a
phase calculator algorithm and divided the phase equally between C;, C; and Cs. The offset was
calculated from the maximum and minimum values of the displacement error (€) and an offset
calculator algorithm and divided the offset equally between Dy, Dy and D3. The same process
was used to calculate the phases and offsets of the reference displacement errors in the historical

fault database.

The WVD was calculated by using (4.48) and the frequencies (By, Bzand Bj3) were calculated
from the WVD and a frequency calculator algorithm. The accuracy of the frequency was
improved by increasing the sampling time of the WVD to twice the cycle time (t;) of the error

signal (e).

Amplitude (m)

0.06
Time (s)

Figure 7.3: Multiple frequency fault calculation with the WVD.

Figure 7.3 provides the WVD spectrum of a multiple frequency fault. The historical fault data
obtained from the 250 kW water cooling AMB pump was used during the WVD calculation. The
WVD was calculated from the displacement error () and the peaks Ps to Py was obtained from

the positive peaks of the WVD as shown in figure 7.3.

Table 7.1 provides the values of the peaks shown in figure 7.3. The historical fault data of the

250 kW water cooling AMB pump was used during the frequency calculation process.
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Table 7.1: Peak calculation with the WVD

PARAMETER ~ AMPLITUDE(m) PERIOD(s) -~ = DESCRIPTION . .~
P, 7.781x107! 1.200%10 1° freq. comp. (highest)
P> 4.338x10" 2.410x10™ 2™ freq. comp.

P3 3.921x107 3.680x1072 3" freq. comp. (lowest)
P, 5.553x10™ 4811x107 Same period as 2™ comp.
Ps 5.154x10"! 5.980x10 Multiple added freq.

Ps 2.792x10™ 7.292x10 Same period as 3¢ comp.
P; 1.067x10" 8.353x107 Multiple added freq.

Ps 7.705x107 9.631x107 Same period as 2™ comp.
Py 7.903x1072 1.098x10"! Same period as 3™ comp.

The amplitudes (A, A2 and A3) are calculated from peaks Py, P2 and P3 at 0.098 mm, 0.055 mm

and 0.049 mm, respectively. The amplitude values were calculated by multiplying the

corresponding peak with the amplitude of the multiple frequency displacement error (€). From

peak Pj the frequency B¢ was calculated at 83.3 Hz.

Frequency Bz was calculated from P5, Ps and Py as follows:

B, = |20 L6 L6 L g5y,

2 P 2 P (7.1)
2 5 7
Frequency B3 was calculated from P3, Ps and P7 as follows:
1) 1 isy 1 /1)1
B, = W) LG L e Ly, (7.2)
P P P "
3 5 7
The accuracy of frequency B was calculated as follows:
L Y
2 = =1 (7.3)
accuracy 4 . P4 + 2 . PB
The accuracy of frequency B3z was calculated as follows:
B 2B o7
3 = =1 (7.4)
i_accuracy 3 . Pﬁ 4 2 X Pg

From table 7.1 it can be seen that P4 and Pg are multiples of the second peak (P2) and Pg and Py

are multiples of the third peak (P3). These peaks provide an estimate of the error on peaks P, and

Ps, tespectively. From (7.3) the accuracy of B; is 99.9 % and from (7.4) the accuracy of Bj is

99.3 %.
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7.2.2 FAULT DIAGNOSIS AND CORRECTION SUBSYSTEM

This section discusses the fault diagnosis and correction subsystem, shown in figure 7.4. An
error pattern component calculator subsystem uses the parameters (A, B, C and D) obtained
from the fault detection subsystem to construct displacement error patterns €rr_pat, €r2_pat and

€3 }_pat-

The pattern recognition subsystem calls (€capr) the reference displacement errors from the
database at specific frequencies (85, B2 and Bgz). The pattern recognition subsystem then
compares the displacement error patterns (€1 pat, €2 pat and €:3 pat) of the real-time AMB
system with the reference displacement error patterns (€1 ref, €2 rer and €3 rer) of the historical
fault database. The same process used to calculate the displacement error patterns €r7_par, €12 pat

and €r3_par was used to calculate the reference displacement error patterns €4 _ref, €2 _ref and €3_rer.

When a fault occurs without a recognizable pattern, the pattern is band-pass filtered (centre
frequency being the error frequencies B4, Bz and Bj) and stored to the historical fault database.

The parameters €1 ¢, €2 ¢ and €3 ¢ refer to the constructed patterns for frequencies By, Bz and

B3, respectively.

c,-C, D,-D, e T
B, E%r Pattg'n 11_paf, ' ®1p = T:SS:Z ©
B,—»| Components Cr2_pe Pattern %2 par Logiz
B, Calculator 73 pat Recognition (€5 por System
A4 4 b | e
A A A o let 1R ¢ fuz
! P 2 3 calli le1_ref e2ﬁref L3 ror System
¥ Y
5 » Band-pass e?.é P(a:Lameter
BT_’ Filtersand |&, . | Historical Fault ange
2 Pattern e, . Database X
B3> Construction " _ Yret1_add
) Y W Y i 2 Correction)
e B, B, B, -1 System etz add

Figure 7.4: Fault diagnosis and correction subsystem.

Figure 7.5 shows the process diagram of the pattern recognition subsystem. The subsystem tests
the difference between the real-time displacement error patterns (8r1_pat, €r2 pat and €r3 par) and

the reference displacement error patterns (€7 rer, €2 rer and €3 ror) from the historical fault

database.
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If the error difference is big, the error obtained from the real-time AMB system 1s used for
correctional purposes. At this stage no recognizable pattern exists and the pattern construction

subsystem constructs and stores a new pattern.

When the error difference is small (close to zero), the subsystem calculates the frequency and
closest pattern to the available real-time data. If the frequency stays constant, the subsystem uses
the closest pattern to correct the fault. If the frequency changes the subsystem tests the data in

the historical fault database for a possible combination pattern.
When no combination of the available data is found, the subsystem uses the real-time error to

correct the fault. A new pattern is constructed and stored to the database and the pattern

calculation process is repeated. If the subsystem finds a combination pattern, the subsystem uses

Calculate
Pattern

the pattern and stores the pattern as a combination pattern.

mall (=
Error Calculate
Difference Frequency

Use On- Ilne Change in Use Stored "
Error Correction Frequency Pattern ©
3
Construct Yes .g
Q
Store New - NO~ Use On-line NS
Combination -
Pattern Error Correction
Pattern

Yes Construct
Sra 35 onstruct Use Store New
Combination Combination Iga?terﬁ
Pattern Pattern

Figure 7.5: Process diagram of the pattern recognition subsystem.

The construction subsystem constructs and stores new patterns (€1_c, €2 ¢ and €3 ¢} according to
the displacement error (), when it receives a pattern fault (Py) from the pattern recognition
subsystems. The more faults occur in the AMB system, the more new correctional data becomes
available. The subsystem is able to switch between different patterns and train itself to react on

faults that are a combination of the available fault data.
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Figure 7.6: Orbital representation of the subsynchronous vibration force correctional pattern errors.

A displacement orbital representation of three subsynchronous vibration force correctional
patterns is shown in figure 7.6. Pattern Subpey 1s a trained pattern which consists of pieces of
three subsynchronous vibration force correctional patterns suby, Subz and subj. The pattern
Subpew was stored as a combination pattern and decreased the vibration forces on the rotor of the
AMB system. For each of the patterns in the historical fault database there exist a frequency and

description.
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Figure 7.7: Fuzzy membership functions for (a) pattern error 1 and (b) pattern error 2

Figure 7.7 provides the fuzzy membership functions for pattern error 1 (€4 pa) and pattern
error 2 (€2 par). Fuzzification is performed by using the overlapping fuzzy sets bad negative (B-),
good (G) and bad positive (B+). The membership function for pattern error 3 is the same as for

pattern error 1.
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Table 7.2: Rule matrix for fuzzy1 error (€7,,7) and relation currentl (irer 1r1)

The basic rule for using the features (€1_pat and €2 pat) is: IF €1 pat AND €2 pat THEN €fyz1. The
same rule applies for variable irer 1r1. Table 7.2 provides the rule matrix for fuzzyl error ey,

and relation currentl irer 1R71.

Fuzzy1 error (€f21)
=
']

-1 -1 <10

R
Pattern error 1 (€1 par) & Pattern error 2 (e, pa)

Figure 7.8: Fuzzy surface plot for fuzzy1 error (ef,1)

The fuzzy surface plots for fuzzyl error (€sz1) and relation currentl (ires 1r7) are shown in
figure 7.8 and figure 7.9, respectively. Defuzzification of the fuzzy membership functions €7
and iref_1r1 are performed by using overlapping fuzzy sets negative (N), middle (M) and positive
(P) and bottom (B), middle (M) and top (7), respectively.

Diagnosis of the whole system results in a complex set of rule bases, which was simplified by
using a cascaded fuzzy logic module [52]. The displacement pattern errors (€4 ' pat, €2 pat and
€3 pat) are the inputs of the cascaded fuzzy logic module and fuzzy error () and relation
current (irer_1r) are the outputs. The fuzzy surface plots for fuzzy2 error (€f,22) and fuzzy3 error
(€fuz3) are the same as shown in figure 7.8 and the fuzzy surface plots for relation current?2

(iref_1r2) and relation current3 (iref 1r3) are the same as shown in figure 7.9.



DESIGN: MULTIPLE FREQUENCY SCHEME  7.10

R1)
o=
o o
L i

084

L et
[STRICIN R - N
" ) S i L

X
i
= 1

% o =

¥

!

—_— = § i 2 - : :
2

2 :

Relation current] (/per

=
i

1 -2
5 1 x10™
Pattern error 1 (€1 _par) Pattern error 2 (€2 par)

Figure 7.9: Fuzzy surface plot for relation currentl (irer 1r1)

Fuzzy error €f,; was calculated from the sum of €21, €12 and €7,z3 and relation current irer 1R
was calculated from the sum of irer 1R1, iref_1R2 and irer 1r3. When a vibration force causes the
rotor to move downward, the reference current 1 (irer 1) needs to be more than reference current 2

(iref 2) to stabilize the rotor to the centre position.

This relation between the amplitude of the vibration force and amount of current required by
each amplifier are called the workforce relation current and is defined by irer 17 and iref 2r. frer 1R
refer to the workforce relation current for the top power amplifier and irr 2r refer to the
workforce relation current for the bottom power amplifier.

Workforce relation current 2 was calculated as follows:

Iret_2r = 1.0 — Iref 1R (7.5)

The workforce relation current serves as an amplifier (booster) and increases or decreases the
amplitude of the correction force according to the error made on the current. These increases and

decreases of the correct amplifiers, causes faster correction force response times.

System parameter change of phase shifting was performed on the fuzzy current error (es;),
before send to the error correction subsystem. The fuzzy current error is then called the diagnosis

output error (€q).

Correctional reference current 1 was calculated as follows:

Iref1_add = Iref 1R €d (7.6)
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The correctional reference current 1 is added to reference current 1 (jre¢ 7). Correctional reference
current 2 was calculated as follows:
fretz_add = -lref_ 2R"€d (7.7)

The correctional reference current 2 is added to reference current 2 (et 2).

723 FAULT IDENTIFICATION SUBSYSTEM

A process diagram of the fault identification subsystem is shown in figure 7.10. When no fault
(no vibration) is detected, the identification subsystem provides no output. When a fault
(vibration) is detected, the subsystem uses the frequency to determine to which frequency dataset
(subsynchronous, rotor synchronous or supersynchronous) the fault (vibration force) belongs.
This process was performed on all the displacement error patterns received from the real-time

AMB system.

The subsystem performs data fitting to calculate the best possible fit of the historical fault data in
the specific dataset with the data obtained from the practical AMB system. If the frequency
rapidly changes from one dataset to another, the subsystem saves the output, predicts the closest
type of fault (unbalance, misalignment, foundation looseness or as otherwise specified in the

historical fault database) and recalculates the fault in the new dataset.

When the frequency stays within a certain dataset, the subsystem is set to repeatedly calculate
the average error over a time period of | second. The time period was calculated at five times the
period of the masked displacement at 1000 rpm. The type of fault is allocated the fault in the

dataset with the smallest error over the available time period.

After the type of fault is stored, the subsystem displays the parameters of the fault and
determines the vibratory level and zone of the fauit. The subsystem determines the side and axes

where the fault occurs from the displacement error signals.

Faults are allocated to the A-side and B-side and can occur in the x, y and z axes. The
identification subsysiem was limited to the A-side and the y-axes. due to the installation of the
roller bearing on the B-side and the limitation in the sampling time of the dSPACE® controller.

The day and time when the fault first occurred is saved and displayed.
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Figure 7.10: Process diagram of the fault identification subsystem.

Figure 7.11 shows the parameter diagram of the fault identification subsystern used to calculate
the type of fault, parameters of the fault, the vibratory level of the fault, zone of the fault, where

the fault occurs and the day and time when the fault first occurred.

The data fitting system calculates and compares the best possible fit of the displacement error
patterns (€,1_pat, €2 pat and €;3_par) of the real-time AMB system with the reference displacement
error patterns (€1 _rer, €2 rer and €3 ,or) of the historical fault database. The data fitting system
sends the number of the dataset (Ng) with the closest fit and the accuracy of the fit (Ag) to the

diagnostic subsystem.

The historical fault database provides the diagnostic subsystem with the type of fault (Fgas). The
output is displayed as a percentage fit to a specific dataset and the corresponding fault in the
dataset. Each time the identification subsystem recalculates the fault the parameters A, B, C and

D are saved as the output parameters of the fault.

Ei, 52 i;; E';n - pat ‘irz  pat €r3_pat "—31 ‘32 %3 ir
p : ] eT_ref_ A ]
Historical . *| Data Fitting = Type
Fault 2 rel N
Database (%2 rEE System ‘>
2as Fl. — Parameters
Comin —»] Vibratory level v, Diagnostic = Vibratory level
X» —»  and zone S » Subsystem
Yo —»  calculator > = Zone (IS0
A-A—® = Where
C1 - C3—>

D,- D—» f:(> Day & Time

Figure 7.11: Fault identification subsystem.
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The signals from the displacement transducers indicate the rotor journal position including the
d.c. component (eccentricity) and a.c. component (vibration orbit) as shown in figure 7.12.
Eccentricities from the clearance centre of the AMB (designated O-O) in the x and y directions
ar¢ designated &, &, while the vibration orbit amplitudes in the x and y directions are designated
ax, dy. The maximum peak displacement (Dmax) of the rotor from the clearance centre of the

radial AMB. 1s calculated as follows [69], [71]:

Dy = maX[\/x;’; +Ya J (7.8)

or approximated by (7.9), based on the orbit observation:

2 2
Dmax =y X max + Y max (7.9)

wherex,., =¢, +a, andy_, =€ +a,

This formula to estimate the maximum displacement in a certain direction will generally
overestimate the exact value with a maximum error of approximately 40 %. As a simpler
procedure, the maximum value of the displacement values measured in two orthogonal directions

is recommended as shown in figure 7.12, based on the waveform observation [64]:
Do 2 MAX[X 1, ¥ g | (7.10)

[n order to avoid contact problems between the rotor and stators, the following formula should

be satisfied with a certain margin against the minimum radial clearance Cinradiaf:

Dmax < Cm."nmradfaf (71 1)

The ratio between the minimum radial clearance (Cmin} and the maximum peak displacement

(Dmax) as defined in accordance with 1SO 14839-2 was used to determine the vibratory zone [71).

Y X Xmax
/\’\\ /N
T\ 7\ N
" g pa— N ¢
Y max
Y /-
i e N
! ¢
/a /a /’a
a) Orbit b) Vibration time history

Figure 7.12: Unfiltered shaft orbit and vibration time history [71].
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The international standard for mechanical vibration of rotating machinery defines four zones
[71]: A) vibratory displacement of newly commissioned machines, B) where the vibratory
displacement is acceptable for unrestricted long-term operation, C) where the vibratory
displacement is unsatisfactory for long-term continuous operation and D) the vibratory
displacement causes severe damage to the machine. These zones (Z) were used to identify the

vibratory level (V) of faults, during the identification process.

Table 7.3: Recommended criteria of zone limits [71]

. ZONELIMIT - . DISPLACEMENT (Dpax)
A/B < 0.3 Chin
B/C <04 Cin
C/D <{.5 Cmin

Chmin is the minimum value of radial or axial clearance between the rotor and stator.

The zone table for magnetic bearings, established from international experience, is given in
table 7.3 and the graphical descriptions are provided in figure 7.13. The parameter X represent
the minimum radial clearance (Cgin) in micrometers, the parameter Y represent the peak

displacement (Dpay) in micrometers and the parameter a represent to the ratio Dpax/ Cmin.

Y a
50¢ — 0.5
- b .
400 |- 0.4
- c .
300 — Q.3
[ B ]

200 — ‘:“l
N A _
100 :- ':
0 il Y TS VAR ST SANS NN WY NN SN SN SR NN N DU SN S S S
0 250 500 150 1000
X

Figure 7.13: Zone limits for vibration criteria [71]

The minimum radial clearance (Cpjn) is defined as the minimum gap when statically moving the
rotor in any radial direction. The retainer bearing gap is generally set to be Cpin by design [65].
The side and axes with the largest displacement error indicates where the fault (vibration force)
causes the most damage. The exact time when the fault first occurred was saved and displayed

and was calculated from the running time ().
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Figure 7.14: Supersynchronous with sudden change to subsynchronous vibration force data fitting.

Figure 7.14 displays data fitting where the frequency of the fault changed from the
supersynchronous vibration force area to the subsynchronous vibration force area. The solid lines
represent the reference displacement error pattern (€1 ref) from the historical fault database of the
water cooling AMB pump and the dashed lines represent the real-time displacement error pattern
(€r1_pat) from the double radial AMB test rack. Sampling (shown by the markers) was decreased

when the frequency entered the subsynchronous vibration force area.
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Figure 7.15: Screenshot of the fault identification program.

Figure 7.15 shows a screenshot of the fault identification program written in MATLAB®. This
program calculates and displays the parameters of the fault identification subsystem of
figure 7.11. Faults (vibration forces) are calculated and displayed as a specific type of fault
(misalignment, foundation looseness, unbalance or as otherwise specified in the historical fault
database), fault fit to a specific dataset, vibratory level (normal, acceptable, system critical or
unsatisfactory), vibratory zone (A-D), side where the fault occurs (A-side or B-side), axes where
the fault occurs (x, y or z-axes) and day and time when the fault first occurred. The parameters

(amplitude, frequency, phase and offset) of the different faults (vibration forces) are also shown.
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7.3. HARDWARE SETUP

The dSPACE® 1104 controller board, equipped with a DSP TMS320F240 from Texas
Instruments was used for discrete sampling of the displacement and current signals of the
physical AMB system. A user-interface was created in Controldesk® to perform data acquisition

on the physical AMB system. The real-time implementation process and hardware setup is

detailed in appendix C.

Due to the complexity of the control, detection and correction, the dSPACE® controller was not
able to handle all the instructions and real-time errors occurred. This problem was solved by
implementing two dSPACE® 1104 controller boards, one for each axis of the magnetic bearing.
A roller bearing was installed on the right side of the rotor. This lead to an increase in the

sampling time of the DSP, since only one side has to be suspended.

The vibration force calculations, displacement masking process and speed sensor calculations
were performed by the left dSPACE® controller and communicated to the other dSPACE”

controller via serial communication.

The inducement of the vibration forces and diagnosis and correction scheme calculations were

performed by the right dSPACE® controller. Figure 7.16 shows the hardware setup with the
dSPACE" controllers.

Calculate Displacement Apply Diagnosis and
forces masking fmﬁes correction
X-axis

Y-axis

dSPACE 1104
Controller 1

dSPACE 1104
Controller 2

DSP TMS320F240 | GND | DSP TMS320F240
y

A A F 3
o % % Poweramp 1 D/A1
d o P 02 DIA3
ol — o Position A/D5
O o o -
8 g ¢g° Speed lo0
0| 4 <«
Y Y

Figure 7.16: Hardware setup with the dSPACE" controllers.
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During the investigation of the displacement signals of the double radial AMB system, it became
evident that synchronous vibrations were introduced by the roller bearing when the rotor was
rotating. These vibrations were therefore incorporated in the displacement masking and
correctional patterns calculation process of the fault detection and diagnosis subsystems

(discussed in sections 7.2.1 and 7.2.2).

Figure 7.17 shows the masked displacement (Xmp) and the actual displacement (X) during the
practical implementation phase. The no fault displacement (Xp) was subtracted from the fault
displacement (Xp_fau) to provide the displacement error (€). The amplitude of the displacement
(Xp) and the frequency (w) obtained from the rotational speed of the rotor was used as scaling
factors for the masked displacement. When the amplitude and frequency increased, the
amplitudes and frequencies of the individual signals in the masked displacement were also

increased.

g
3
£
E
<
0 0.02 0.04 0.06 0.08 0.1
Time (s)

Figure 7.17: Displacement masking during the practical implementation phase.

7.4. SIMULATION VERIFICATION

7.4.1. SIMULATION RESULTS

This section provides the simulated and experimental results of the double radial AMB test rack,
with multiple frequency vibration forces and dominant subsynchronous, rotor synchronous and
supersynchronous vibration forces. During the simulation phase of this scheme the rotational
speed frequency was chosen at 104.7 rad/sec (1000 rpm) and faults were induced by applying the
vibration force (fy) files onto the AMB system to see how the diagnosis and correction scheme

reacts.

Figure 7.18 shows the actual displacement of the AMB system with multiple frequency vibration

forces and dominant subsynchronous vibration force.
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Figure 7.18: Multiple frequency vibration forces with dominant subsynchronous vibration forces.

Figure 7.19 and figure 7.20 show the actual displacement (Xp) of the AMB system with multiple
frequency vibration forces and dominant rotor synchronous and supersynchronous vibration

forces, respectively.
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Figure 7.19: Multiple frequency vibration forces with dominant rotor synchronous vibration force.

The scheme was designed to simulate and capture the actual displacement of the simulation and
practical AMB models (shown in fig. 5.6) without any vibration force for the first 10 seconds,
thereafter to induce the vibration force and activate the detection, diagnosis and correction

scheme after 20 seconds.
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Figure 7.20: Multiple frequency vibration forces with dominant supersynchronous vibration force.

7.4.2. EXPERIMENTAL RESULTS
During the practical implementation phase of this scheme the rotor speed was held constant at
1000 rpm and vibration forces were applied by implementing the reference current fault (/) files

onto the AMB system to see how the diagnosis and correction scheme reacts.

The displacement (x;) of the AMB system with subsynchronous and rotor synchronous vibration
forces can be seen in figure 7.21 and figure 7.22, respectively. Figure 7.23 provides the

displacement with a supersynchronous vibration force.
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Figure 7.21: Multiple frequency vibration forces with dominant subsynchronous vibration force.
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Figure 7.22: Multiple frequency vibration forces with dominant rotor synchronous vibration force.
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Figure 7.23: Multiple frequency vibration forces with dominant supersynchronous vibration force.

0

When no vibration force (0 to 10 seconds) is occurring on the AMB system, the system is

suspended only by the PID controller, which was designed with a specific stiffness and damping.

The optimised PID controller becomes unstable when the vibration forces are applied (10 to 20

seconds) on the system. The diagnosis and correction scheme (activated after 20 seconds) was

able to minimise or correct the vibration forces. From the above figures it can be seen that the

practical AMB system provides even better results than the simulation AMB model.
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7.5. CONCLUSION

The scheme presented in this chapter focused on the detection. correction and identification of
multiple frequency vibration forces on the rotor of an AMB system. The pattern construction
subsystem was able 10 construct new and combination patterns and the diagnosis and correction

scheme was able to use these patterns to correct vibration (disturbance) forces.

The fault identification subsystem was able to calculate the type of fault, the parameters of the
fault, the vibratory level of the fault, the fault zone, where the fault occurred and the exact day
and time when the fault first occurred. The implementation of the cascaded fuzzy logic module
simplified the fault diagnosis and correction scheme and decreased the calculation time.

The experimental results of the double radial AMB test rack correlated with the simulated results

and vibration forces was corrected or minimized to a stable operating condition.

The complexity of the detection, diagnosis and correctional scheme required a lot of processing
time, which caused run-time errors during real-time implementation. This problem was solved

by implementing an additional dSPACE® controller.

The current limit of the power amplifiers and the run-time of the DSP processors were the two
main limitations of this scheme. During normal operation of the double radial AMB, the power
amplifiers require 4 ampere, which only leaves 6 ampere for fault inducement and correctional

purposes.

The methods and implementation of predictive simulation, model validation and test
implementation were shown here to be useful in the detection, diagnosis, correction and
identification of vibration forces on the rotor of the AMB system. A list of additional

information applicable to this chapter is available in appendix G.



CHAPTER 8
CONCLUSIONS

8.1. INTRODUCTION

This chapter provides a comparative evaluation of the three real-time schemes, closure on the
contribution of this thesis and detail on future research. The purpose of the research is to
benchmark condition monitoring of AMB systems and present the reader with an illustration of

real-time condition monitoring of AMB systems.

Various fault detection techniques were implemented on the historical fault data of the 250 kW
water cooling AMB pump. This was done to obtain the best technique for a specific fault
condition. These techniques were used in the design of the three real-time detection, diagnosis,
correction and identification schemes for vibration forces on the rotor of a rotational AMB

system. More detail on the contribution of the three real-time schemes is available in section 8.3.

8.2. COMPARATIVE EVALUATION OF THE REAL-TIME SCHEMES

In this section the three real-time schemes are compared. The results provided in the simulation
verification sections (sections 5.6, 6.4 and 7.4) of chapters 5, 6 and 7 are used to calculate the
improvement each scheme has over the optimised PID controller when vibration forces are
applied. Table 8.1 provides the calculations for the displacement improvement of the three
schemes. In this table the simulation and experimental results of the different schemes are
compared. The designations V1. V2 and V3 represent the subsynchronous, rotor synchronous

and supersynchronous vibration forces, respectively.

The measures ‘no vibration (peak-peak)” and ‘vibration force (peak-peak)’ refer to the peak-to-
peak displacement of the rotor without and with vibration forces applied, respectively. During
this time the PID controller is active in the system, but fails to correct the vibration force. The
measure “corrected (peak-peak)’ refers 1o the peak-to-peak displacement of the rotor when a real-

time scheme is implemented.

8.1
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Table 8.1: Comparison of the three real-time schemes.

Scheme 1 - Scheme 2 ‘Scheme 3
Simulated | Experimental | Simulated | Experimental | Simulated | Experimental
No vibration V1| 26541 28.037 26.541 29.475 26.541 24238
(peak-peak) V2| 26.541 25.191 26.541 27.281 26.541 25.670
(um) V3| 26.541 23.185 26.541 27.607 26.541 26.478
Vibration force | V1 | 206.846 187.429 206.846 225.586 232.973 218.018
(peak-peak) V2| 173.297 184.033 173.297 166.774 179.127 187.957
(jtm) V3| 213.431 181.148 213.431 226.978 219.938 218.150
Corrected vi| 43241 34.579 41.287 40.895 39.885 34358
(peak-peak) V2| 31.631 29.573 38.010 27.558 38.616 34.775
(pm) V31 39.234 24.551 31.099 31.951 43.109 34.854
cbrati V1| 7.793 6.685 7.793 7.653 8.778 8.995
Y;lgzgﬁn V2| 6529 7.305 6.529 6.113 6.749 7.322
V3| 8.042 7.813 8.042 8.222 8.287 8.239
_ V1| 1.629 1.233 1.556 1.387 1.503 1417
?:ggggon v2| 1.192 1.174 1.432 1.010 1.455 1.355
V3| 1.478 1.059 1.172 1.157 1.624 1.316
Improvement | V) | 6164 5452 632.7 626.6 727.5 757.8
%) V2| 5337 613.1 509.7 5103 529.4 596.7
V3| 6564 675.4 687.0 706.5 666.3 692.3
Ave, 602.2 611.2 606.8 614.5 641.1 682.3
Improvement

The vibration relation refers to the relation between the ‘vibration force’ and ‘no vibration’
parameters and is calculated by dividing the ‘vibration force’ by the ‘no vibration’. The
correction relation refers to the relation between the ‘correction” and ‘no vibration’ parameters
and is calculated by dividing the ‘corrected’ parameter by the ‘no vibration’ parameter. The
improvement refers to the improvement each scheme has over the PID controller and is
calculated by subtracting the correction relation from the vibration relation. The average
improvement refers to the improvement obtained by the scheme for all three vibration forces

(V1,V2and V3).

The differences between the simulation and experimental results of table 8.1 are due to variations
in the rotational speed of the rotor. In the practical system the rotational speed varied with the
application of vibration forces on the rotor. In the simulation model the rotational speed was kept
constant. Multiple frequency vibration forces with dominant subsynchronous, rotor synchronous
and supersynchronous vibration forces were applied to the system to evaluate scheme 3,
therefore the difference in the simulated vibration force (peak-peak) results of this scheme

compared to the other two schemes.
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From the real-time displacement analysis, correction and identification scheme (discussed in
chapter 5) it can be seen that the experimental subsynchronous (shown in figure 5.29) and rotor
synchronous (shown in figure 5.30) vibration force results correlated well with the simulated
subsynchronous (shown in figure 5.26) and rotor synchronous (shown in figure 5.27) vibration
force results during the correction phase. A time delay is noticeable when comparing the
experimental supersynchronous vibration force results (shown in figure 5.31) with the simulated
results (shown in figure 5.28). The experimental vibration force results do however suffer from

noise.

From the real-time current analysis, correction and identification scheme (discussed in chapter 6)
it can be seen that the experimental subsynchronous (shown in figure 6.24) and rotor synchronous
(shown in figure 6.25) vibration force results correlated well with the simulated subsynchronous
(shown in figures 6.21) and rotor synchronous (shown in figures 6.22) vibration forces results,
during the correction phase. A time delay is noticeable when comparing the experimental
supersynchronous vibration force results (shown in figure 6.26) with the simulated results
(shown in figure 6.23). The time delay to minimize the vibration force of the real-time current

analysis scheme is smaller than that of the real-time displacement analysis scheme.

From the real-time multiple frequency fault detection, diagnosis and correction scheme (discussed
in chapter 7) it can be seen that the experimental subsynchronous (shown in figure 7.21) and rotor
synchronous (shown in figure 7.22) vibration force results correlated well with the simulated
subsynchronous (shown in figure 7.18) and rotor synchronous (shown in figure 7.19) vibration
force results, during the correction phase. A time delay is noticeable when comparing the
experimental supersynchronous vibration force results (shown in figure 7.23) with the simulated
results (shown in figure 7.20). The real-time multiple frequency scheme has a smaller time delay

compared to the real-time current analysis scheme.

From table 8.1 it can be seen that scheme 3 provides the best results for improving
subsynchronous vibration forces, scheme 1 the best for rotor synchronous vibration forces and
scheme 2 the best for supersynchronous vibration forces. It must be taken into account that
single frequency vibration forces were evaluated during the simulation verification section of
schemes 1 and 2, but multiple frequency vibration forces were evaluated during the simulation
verification section of scheme 3. Scheme 3 provides the best overall result with the best average

improvement, followed by scheme 2 and then scheme 1.
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The boundaries of the real-time displacement analysis scheme were designed as tixed boundaries,
which provided useful results during the fault diagnosis phase. When comparing these fixed
boundaries (shown in figure 5.9) with the trained patterns of the real-time current analysis
scheme (shown in figure 6.8) and real-time multiple frequency fault detection scheme (shown in
figure 7.6}, a distinction can be made that these schemes must provide better overall results, which

can be seen from the experimental results of these schemes (sections 5.6.2, 6.4.2 and 7.4.2).

All three real-time schemes were able to successfully correct or minimize the vibration forces to
a stable operating condition. The real-time multiple frequency fault detection scheme (discussed
in section 7.4) showed the best results with the smallest delay, least vibration in the correction

phase and closest fit to the normal operating condition.

When comparing the fault identification programs for the three real-time schemes (shown in
figures 5.25, 6.18 and 7.15), the fault identification program for the multiple frequency fault
detection scheme clearly stands out, since it provides results on multiple frequency vibration
forces. This multiple frequency analysis is not possible with the other two real-time schemes,
which can cause the user to wrongly interpret the real-time vibration data. The identification
subsystem for the last scheme evaluates vibration forces according to [SO vibratory standards,

which is an international standard for vibration monitoring.

A comparative evaluation between the diftferent fault detection techniques implemented on the

historical fault data of the 250 kW water cooling AMB pump is available in appendix E.

8.3. UNIQUE CONTRIBUTION

The focus of this research is on external faults, since the area of internal faults to the magnetic
bearing control system is well established and much research exists. Various schemes exist
where off-line diagnosis and identification of internal and external faults are performed on AMB
systems, but the area of real-time identification and correction of external faults still needed to be
explored. This study therefore proposes three real-time detection, diagnosis, correction and
identification schemes for external faults to the magnetic bearing control system of rotational
AMB systems. These schemes use the available AMB sensors and actuators to perform condition
monitoring and correction, since machine components in industrial applications are not always

easily accessible to install condition monitoring equipment.



CONCLUSIONS 8.5

The last scheme focuses on real-time multiple frequency fault detection, diagnosis, correction
and identification of external faults on rotational AMB systems, since more than one fault can
occur simultaneously on the AMB system. Analysis of a multiple frequency fault by a single

frequency fault scheme causes incorrect identification and correction of the fault.

The three real-time schemes provided knowledge on: 1) the implementation of historical fault
data in a fault detection subsystem, 2) the implementation of fault detection techniques in real-
time, 3) the real-time correction of vibration forces on the AMB system, 4) the real-time
diagnosis and identification of fauli features according to a historical fault database and ISO
vibration standards and 5) the real-time detection, correction and identification of multiple

frequency vibration forces.

Information on articles submitted for publication on each of the three real-time schemes are
available in section 1.7. These articles encapsulate the contribution of this thesis. The designs of

the three real-time schemes are available in chapters 5, 6 and 7.

8.4. FUTURE RESEARCH

The three real-time schemes only stabilize the rotor with respect to the stator and do not remove
the vibration force. When correction forces are applied to the AMB system, to correct the effect
of the vibration forces, it may increase the stresses in other critical components e.g. the power
amplifiers and system base, which may cause components to be damaged or break down. These
stressed components need to be identified by the user as critical or non-critical and the necessary
steps must be taken to operate the AMB systern under the fault condition or to shut down the

system and repair the fault.

A scheme therefore needs to be explored which performs analysis on the complete system and
incorporates component stress points (system base, connected machinery, connected
components. etc.). Free-body diagrams and mass-spring-damper systems explaining the different
fault conditions and different stress points (stressed components) on the AMB system is provided

in appendix B.



CONCLUSIONS 8.6

The complexity of the real-time detection, diagnosis and correctional schemes required a lot of
processing time, which caused run-time errors during real-time implementation. This problem
was solved by implementing an additional dSPACE® controller. The performance of the three
real-time schemes can be improved by using only one dSPACE® 1103 controller board, instead
of two dSPACE” 1104 controller boards. The dSPACE® 1103 controller board will be capable of
performing the task, without run-time errors. The specifications of the dSPACE® 1104 and
dSPACE® 1103 controller boards are available on the CD. The real-time implementation and
hardware setup of the dSPACE® controllers for the three schemes is available in sections 5.4, 6.3

and 7.4 and appendix C.

The maximum current capability and bandwidth of the power amplifiers, run-time of the DSP
processors and bandwidth of the sensors were the main factors limiting the applicability of the
real-time schemes. Since the power amplifiers and sensors were designed and specified for
normal operational bandwidth, it was not possible to fully evaluate supersynchronous vibration
forces. A scheme can therefore be developed which specifically identifies and corrects

supersynchronous vibration forces by also including high frequency bandwidth components.

8.5. CLOSURE

The research performed in this thesis successfully demonstrates the inherent condition
monitoring ability of systems with AMBs. Three real-time detection, diagnosis, correction and
identification schemes for vibration forces on rotational AMB systems were successfully
developed and tested. All three schemes successfully corrected and identified vibration forces on

the rotor of the AMB system.
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APPENDIX A
PHOTOS OF THE AMB SYSTEMS

Figure A.1: Complete system view of the 250 kW water cooling AMB pump

Figure A.1 shows a complete system view of the 250 KW water cooling AMB pump. The driven
unit can be seen on the left with the pump section on the right. Figure A.2 shows an enlarged

view of the AMB pump. In this figure the closure of the AMB pump can be seen.

Figure A.2: 250 kW water cooling AMB pump

Al
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Figure A.3: Complete system view of the double radial AMB test rack

Figure A.3 shows a complete system view of the double radial AMB test rack. The test rack can
be seen on the left with the controllers on the right. Figure A.4 shows an enlarged view of the

test rack. In this figure the rotor, magnetic bearings and power amplifier unit is clearly visible.

Figure A.4: Double radial AMB test rack

The photos in this section are best viewed in full colour, which is available on the CD.



APPENDIX B
SIMULATION GUI AND BASE CODE

This appendix provides the simulation GUI and the base code that was used to obtain simulation
results for the detection, diagnosis and correction schemes. The simulation GUI was written in
MATLAB® and interacts directly with Simulink® and the historical fault data obtained from the
250 kW water cooling AMB pump.

This base code for the simulation GUI calculates the displacement, currents and forces of the
double radial AMB system. The steady state stiffness, dynamic stiffness and damping are
calculated at the end of the code. The base code for the simulation GUI is available on the CD.

More detail on the content of the CD is available in appendix G.

B.1. SIMULATION GUI

Figure B.1 shows the main window of the simulation GUI user interface. The main focus of the
simulation GUI is to compare simulation results with historical fault data, apply various faults

and implement various fault detection techniques on the AMB system.

By selecting the various checkboxes, the GUI opens further options on that selection. The rest of

this section explains each of the checkbox options in detail.

The interface in figure B.1 provides six graphs, which can be selected and changed according to
the menu options available. This interface provides the option to change the controller gains,
apply faults on the AMB system, implement fault detection techniques and upload historical

fault data from the database.

B.1
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Figure B.2: Power amplifier failure interface

An overview of the simulation model and zoomed in view of the power amplifier failure section
is provided in figure B.2. When the power amplifier checkbox (shown in figure B.1) is activated,

the power amplifier failure interface is opened.

This interface provides the user with the option to change the resistance of the coil (Reoi),
inductance of the coil (L), switching frequency (fs) and upper and lower limits of the power
amplifier. A power amplifier failure can be induced by adding noise to the output of the power

amplifier.

A lot of research already exists on how to increase the reliability of power amplifiers. Most of
these research focus on redundant power amplifiers, where additional power amplifiers are
installed to increase the reliability. The section on power amplifier failure was therefore only

explored and did not become the main focus of this study.
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Figure B.3: Controller failure interface

An overview of the simulation model and zoomed in view of the controller failure section is
provided in figure B.3. When the controller failure checkbox (shown in figure B.1) is activated,

the controller failure interface is opened.

This interface provides the user with real-time access to the controller parameters (Kp, ki and kp)
and controller current limits. A controller failure can be applied by adding noise to the output of

the controller.

Controller failure is mostly associated with failure from external components, like: computer
malfunctions, power amplifier malfunctions, sensor malfunctions, temperature growth of critical
components and run-time errors of the real-time processor. Controller failures are further
described as an ill design of the controlling unit for the specific application. This section was

therefore only explored in short and did not become the main focus of the study.
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Figure B.4: Excessive sensor noise interface

An overview of the simulation model and zoomed in view of the excessive sensor noise section
is given by figure B.4. When the excessive sensor noise checkbox (shown in figure B.1) is

activated, the excessive sensor noise interface is opened.

This interface provides the user with the option to change the offset (kSconstant) and gain (kSgain)
and upper and lower limits of the sensors. Excessive sensor noise (in the form of Gaussian white
noise, Gaussian pink noise, Poisson noise and multiplicative noise) can be applied to the AMB

system.

A lot of research already exists on how to increase sensor reliability. Most of these research
focus on redundant sensors, where additional sensors are installed to increase the reliability. The
section on excessive sensor noise was therefore only for informational purposes and did not

become the main focus of this study.
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Figure B.5: Rotational load unbalance interface

The rotational load unbalance interface is shown in figure B.5. This interface is opened by
activating the advanced load unbalance checkbox (shown in figure B.1). One of the most
common of vibration in engineering is rotating unbalance. This is where the rotating machine is
not precisely balanced and the rotating out of balance mass causes forces on the engine. We
consider the complete engine (including the out of balance mass) to have mass M, and the

unbalance mass itself to be m, rotating with eccentricity e.

A real engine unbalance will cause vibration in at least two planes (vertical and rocking), but for
this thesis only pure vertical motion is explored. The (vertical) displacement is measured from
the equilibrium position, so:

Displacement of non-rotating mass, (M-m)=x (B.1)

Displacement of rotating mass, m = x + e.sin(wf) (B.2)
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Figure B.6: Free-body diagram for the rotating mass

Figure B.6 provides the free-body diagram for the rotating mass. The resolved upward vertically
forces are given (B.3).

- e 2 .
Tension erricaicomponent = MX —Mmew” sin(at) (B.3)

The free-body diagram for the non rotating mass is provided by figure B.5. The resolved upward
vertically forces are given by (B.4).

The equation of motion is given by (B.5)
—mX + mea” sin(wt) — kx —cx = (M — m)X

MX + cx + kx = meo’ sin(wt) (B.5)

The last equation is essentially the same as for force excitation, replacing the forcing function Fp
with (mew?), which is a function of frequency. We can therefore write the dynamic response of
the single degree of freedom with rotating unbalance by comparing the equation of motion with

the force excitation case. The response is relative to the product “me”.

X »?

= B.6
me  M{o? -0®)+2jlon, | i
The magnitude and phase of this complex function is given by (B.7) and (B.8)
X 2
= o - (B.7)
e M{mf - a)z) - 4§2w2m§}
and
phase = tan™ [—255"“’_2} (B.8)
0, -0
Equation (B.5) can be written as follows:
5<'+£}~5< +%x =%eaf sin(at) (B.9)

The standard form is given by (B.10)

X +2w, X+ w,X = U, sin(ot) (B.10)
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k c
where L, =a— and § = B.11
S R N ] b

Equation (B.12) therefore provides the rotating unbalance with respect to the air-gap (x({)).
x(t) = X sin(ot — @) (B.12)

The parameter ¢ represents the phase shift of the unbalance force.
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Figure B.7: Foundation looseness interface

The spring-mass-damper system and free-body-diagram of the foundation looseness interface is
given by figure B.7. The foundation looseness interface is opened by activating the foundation

looseness checkbox (shown in figure B.1).

The real-time detection, diagnosis and correction scheme only stabilise the rotor with respect to
the stator and do not remove the fault from the AMB system. The force Fy represent the
vibration (disturbance) force occurring on the base of the AMB system. This vibration is usually
referred to as foundation looseness. The force Fec refers to the correction force applied onto the

rotor in order to stabilise it.
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When a correction force Fec is applied onto the AMB system, to cancel the effect of Fg, the
forces on the parameters kr and by increases. This may cause an increase in the stress of critical
components, which may cause components to be damaged or break down. The components need
to be identified by the user as critical or non-critical and the necessary steps must be taken to
operate the AMB system under the fault condition or to shut down the AMB system and repair
the fault.

The following calculations focus on forces acting on the mass m. We define the additional
coordinate z, which measures the absolute displacement of the mass with respect to the ground, as:

z=x+u(l) (B.13)

The free-body-diagram is shows in figure B.7. The only forces acting on the mass arise from the
gravitational force, the spring force and the damping force. In terms of the identified coordinates,

the acceleration of the mass center is given by (B.14)

Ta, =7j=(X+0)j (B.14)
with
U(t) = —(u,»*)sin(wt) (B.15)
wherefore, the linear momentum balance on the mass yields:
SFP=mla,, (B.16)
(—Kog X = by X —mg) j = (mX + mil) j (B.17)

Writing this in terms of x, the equation of motion is given by (B.18)

mX + b, X + K, x = —mii(t) - mg

ol e e
X+—X+—x=-l(t)-g (B.18)
m m
The standard form is given by (B.19)
X+28w, X+ o)X =Uu,0 sin(wt)—g (B.19)
with
k b
@, =,/—- and { =—2=2 (B.20)

m 2 km

The amplitude of the forcing is given by (B.21)
F S =~;—m2 (B.21)

The steady state response of the system therefore becomes:
X(t) = Asin(ot — @) — g (B.22)

where x(1) is the air-gap and
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A=u,A(r,{) and tangp = 12_@"!’2 (B.23)
2
where A= L and r=-2 (B.24)
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Figure B.8: Rotating overhung rotor interface

The spring-mass-damper system and free-body-diagram of the overhung rotor interface is given
by figure B.8. The rotating overhung rotor interface is opened by activating the overhung rotor

checkbox (shown in figure B.1).

The resolved vertically forces can be written as follow:
(—kx —bX —mg)j = (M + m)Xj (B.25)
The equation of motion is given by (B.26)

(M + m)X + bx + kx =-mg (B.26)
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This can be written in the standard form as:

.. e k -m
X+ X+ X = B.27
M+m M+m M+m “ S
where
k b
D, = and { = ——— (B.28)
M+m d 2 /k(M + m)
The air-gap (x(f)) function can therefore be written as follows:
x(t) = Asin(ot —-p)——"_g (B.29)
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Figure B.9: Bent rotor interface

The spring-mass-damper system and free-body-diagram of the bent rotor interface is given by
figure B.9. This interface is opened by activating the bent rotor checkbox (shown in figure B.1).

Static eccentricity (caused by the bent rotor interface) can be produced either by stator
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deformations or rotor axis displacement with respect to the stator axis. If the eccentricity is static,
the air-gap function, Xse, can be approximated as follows:

X (0t,2) = x, —6(z) cos(at) (B.30)
where J(2) is the air-gap variation amplitude, which can vary along the axial length of the motor.
The radial air-gap length under no eccentricity condition is given by Xp. As an example, if only
one bearing is displaced respect to stator geometric axis, the air-gap variation amplitude can be
approximated by (B.31)

6(2)=06, +kz (B.31)

where dy is the air-gap variation at Z = 0, and K is a constant.

The inverse of the air-gap function can be approximated by (B.32)

(ot Py 20 2N oty (B.32)
where
p B VERD B.33
and

1= J1=0%z

A (z)=2 2) (B.34)
5(2)\1-6%(2)

Fundamental (first and second) natural frequency of the transverse vibration is given by (B.35).

. Ei‘f‘fg“'.' +Cz EZ‘IZQ‘;Z
WL W,L

(B.35)

The angular misalignment interface is shown in figure B.10. This interface is opened by
activating the angular misalignment checkbox (shown in figure B.1). The spring-mass-damper
system and free-body-diagram of the angular misalignment interface is given by figure B.10. As
it was described in [157], there are two types of air-gap eccentricity, static and dynamic. Static
eccentricity can be produced either by stator deformations or rotor axis displacement with
respect to the stator axis. Due to that reason the air-gap is non-uniform, but remains constant for

any rotor position.

Only the right half is evaluated, since the answer is the same for the other half only 180° out of
phase. Dynamic eccentricity occurs when the geometric center of the rotor is not at the center of

rotation, producing a periodic variation in the air-gap when the rotor turns.
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Figure B.10: Angular misalignment interface

If the eccentricity is dynamic, the air-gap function, Xqe, can be approximated as follows:

X (0t,2,0) = X, —5(Z) cos(wt — @) (B.36)

Fundamental (first and second) natural frequency of the transverse vibration is given by (B.37)

E,lLg E,l,g
f,, =C,.|—=-+C, |22 (B.37)
e T

Vibration and misalignment greatly accelerate bearing wear and increase operating temperature.
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Figure B.11: Spring-mass-damper system for coupling misalignment

Figure B.11 shows the spring-mass-damper system for coupling misalignment. In this figure the
rotor of the magnetic bearing (with mass my) is driven by a motor unit (with mass my), which is
not perfectly aligned. When the rotor starts turning a downwards force Fy starts acting on the
rotor of the motor unit (/m2). The same force is propelled onto the rotor of the magnetic bearing
(m1). A correction force (Fec) is applied onto the rotor to stabilise the rotor. The force on the
coupling is therefore twice the force Fy. Although the effect of Fec stabilises the rotor, it also

increases stress on the coupling.

The magnetic bearing seam to be operating in good condition, but the motor unit (m>) is under
great stress. If both systems were AMBs, it would have been better to relax the reference

displacement, therefore relieving stress on the motor unit (m>).

Figure B.12 shows a zoomed in view of the user interface, where the simulation option is
activated. From the simulation menu option the actual position, autocorrelation, Cepstrum
analysis, complex Cepstrum, discrete Fourier transform, equi-sampled Fourier transform, high
frequency resonance technique, histogram decomposition, spectral analysis (magnitude), spectral
analysis (phase), spectral correlation density, spectrum analysis, synchronous average, wavelet
compression and Wigner-ville distribution can be calculated and displayed. The same variables
are calculated and displayed by the simulation (current), real data (position) and real data

(current) menu options.

Figure B.13 shows a zoomed in view of the user interface, where the other option is activated.
From the other menu option the magnetic flux-density (simulation), rotational speed (real data),
force F1 (simulation), force F2 (simulation), position error (simulation), position error (current),
current error (simulation), current error (real data), velocity (simulation), velocity (real data),

acceleration (simulation) and acceleration (real data) can be calculated and displayed.
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Figure B.13: Zoomed in view of the user interface showing the other option
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/) Parameters Yalues: Simulation Position

L P Vaue  Unts  Description

1 Fiequenéy : 100 : Switching Frequency
2 ‘Mass ??2 kg i HlJtDl mass

3 RMS 350488005 V Waveform RMS

4 Min -7.80844e-005 V ‘Waveform Minimum

5 Max 7.82594e-006 V W aveform Masimum
6 PeakPeak 8591032005 ¥ Waveform Peak-to-Peak
7 Average -2.63827e-005 V Waveform Average

8  Median -3.88013e-005 V Waveform Median

3 P.G. 122.268 % Percentage Overshoot
10 Kek 972427 N/m Steady State Stiffness
11 Keg 247089  N/m  Dynamic Stiffness

12 Beg 617.6 ~ N/ms  Dynamic Damping

Figure B.14: Position parameters table

Figure B.14 shows the position parameter table, which is activated from the calculations (AVG,
Peak-Peak, RMS) submenu. The position parameter table provides the user with the parameters

of the chosen signal.

B.2. OFFLINE SIMULINK® PLATFORM

This section provides the offline Simulink® platform from where all the simulation results of the
detection, diagnosis and correction scheme was obtained. Figure B.15 shows the offline
Simulink® model for the x-axes. The model for the y-axes is the same. The top part of
figure B.15 represents the horizontal suspension of the rotor by means of a PID controller. This

part is a Simulink® representation of figure 5.6, shown in chapter 5.

A fuzzy logic controller uses the displacement error (Xperor) and boundary error (Bepmor) to
calculate the low frequency fuzzy output. An error correction subsystem uses the low frequency

fuzzy output and boundary (By.axes) to perform low frequency correction on the AMB system.

The current values (i1x and i2x) and displacement values (Xpx and Xpy) are stored to the workspace
and displayed by an XY plot function. Vibration forces are applied to the AMB system by the
error subsystem. The user can apply low, medium and high frequency vibration forces by means

of toggle switches.

An amplitude (A) and offset (D) subsystem and frequency (B) and phase (D) subsystem
calculates the parameters necessary to perform high frequency correction on the AMB system.

All the subsystems shown in figure B.15 are explained in more detail in the rest of this section.
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Figure B.16: Frequency (B) and phase (C) subsystem

Figure B.16 shows the frequency (B) and phase (C) subsystem. In this subsystem the frequency
(B) and phase (C) are calculated by MATLAB® functions. The masked error is obtained by

subtracting the sine wave representation of the displacement from the actual displacement.
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Figure B.17: Amplitude (A) and offset (D) subsystem

Figure B.17 shows the amplitude (A) and offset (D) subsystem. In this subsystem a fuzzy logic

controller calculates the amplitude (A) and offset (D). The minimum and maximum values of the

displacement error are the inputs to the fuzzy logic controller.
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Figure B.18: Boundary subsystem

Figure B.18 shows the boundary subsystem. In this subsystem a MATLAB® function calculates
the first and second boundaries (B 7y.axes and B2y.axes). The inputs to the MATLAB® function are

the crossing displacement and time.
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Figure B.19: Error correction subsystem

Figure B.19 shows the error correction subsystem. In this subsystem the boundary error (Beror) is
calculated by subtracting the boundary (By.axes) from the actual displacement (x,). The
displacement error is calculated by subtracting the masked displacement from the actual

displacement. The masked displacement is calculated by two MATLAB® functions.
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Figure B.20: Relation subsystem

Figure B.20 shows the relation subsystem. In this subsystem the relation current is calculated by
a fuzzy logic controller with displacement error and boundary error as inputs. The correctional
reference currents (Jref 1x and irer 2x) are calculated from the product of the relation current and

high frequency correction (high ).
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Figure B.21: Error subsystem

Figure B.21 shows the error subsystem. In this subsystem the three vibration forces (fault1,
fault? and fault3) are calculated from the three MATLAB® functions. The inputs to the
MATLAB® functions come from the workspace.



APPENDIX C
REAL-TIME IMPLEMENTATION AND HARDWARE SETUP

This appendix provides the real-time code that was downloaded onto the dSPACE® 1104
controller board, equipped with a DSP TMS320F240 from Texas Instruments. The real-time
code responsible for suspending the rotor, applying vibration forces, performing detection,
diagnosis, correction and identification was created in Simulink®. Data acquisition was

performed by a user interface created in Controldesk®.

Due to the complexity of the control, detection and correction schemes, the dSPACE® controller
was not able to handle all the instructions and real-time errors occurred. This problem was
solved by implementing an additional dSSPACE® 1104 controller boards, one for each axes of the
magnetic bearing. A roller bearing was installed on the right side of the rotor, which increased
the sampling time of the DSP, since only one side has to be suspended. More detail on this is

available in sections 5.4, 6.3 and 7.3.

C.l. REAL-TIME SIMULINK® DIAGRAM FOR COMPUTER 1

Figure C.1 shows the real-time Simulink® diagram for computer 1. This diagram is responsible
to vertically suspend the magnetic bearing and apply vibration forces. The system further detects
and corrects vibration forces. This is done by means of a choice subsystem, low correction
subsystem and high correction subsystem. The rest of this section explains each of the

subsystems in more detail.

C.1
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Figure C.2: Low correction subsystem

Figure C.2 shows the low correction subsystem, responsible for correcting low frequency
vibration forces. The displacement error (xperror) is obtained by subtracting the masked
displacement (masked_xp) from the left vertical displacement (LV_pos). A boundary function
calculates the boundary error (Berror). A fuzzy logic controller then uses the displacement error

and boundary error to calculate the low frequency correction (low) and relation current (relation).
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Figure C.3: High correction subsystem

Figure C.3 shows the high correction subsystem, responsible for calculating the high frequency
correction current needed to re-stabilise the rotor. A high frequency correction function uses the
parameters (A, B, C and D) obtained from a frequency (B) and phase (C) subsystem and an
amplitude (A) and offset (D) subsystem. The high frequency correction currents (High1 and
High2) are obtained from the output of the high frequency correction function and relation

current.
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Figure C.4: Subsystem for amplitude (A) and offset (D)

Figure C.4 shows the amplitude (A) and offset (D) subsystem. A fuzzy logic controller calculates

the amplitude (A) and the offset (D) from the minimum and maximum values of the

displacement error.
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Figure C.5: Subsystem for frequency (B) and phase (C)

Figure C.5 shows the frequency (B) and phase (C) subsystem. The frequency and phase is

calculated by using S-function blocks, which makes use of the Wigner-Ville distribution and

sinusoidal functions to perform calculations.
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Figure C.6: Choice subsystem

Figure C.6 shows the choice subsystem, responsible for identifying the fault as a low frequency

or a high frequency fault. This is done according to the rotational speed of the rotor.

C.2. REAL-TIME SIMULINK® DIAGRAM FOR COMPUTER 2

Figure C.7 shows the real-time Simulink® diagram for computer 2. This diagram was responsible
to horizontally suspend the rotor and perform calculations not possible by computer 1. Vibration
force calculations and the displacement masking process were performed by this computer. The

rest of this section explains the subsystems in more detail.
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Figure C.8: Vibration force subsystem

Figure C.8 shows the vibration force subsystem. When a fault is activated from the Controldesk®™
interface, the zero crossing signal goes high (1) and periodically deploys the fault signal on the

displacement (Xp).
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Figure C.9: Fault subsystem

Figure C.9 shows the fault subsystem, responsible for acquiring the fault signal from the

workspace and initialisation of the fault.
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Figure C.10: Displacement masking (xp masking subsystem)

Figure C.10 shows the displacement masking process. The masked_xp_constant and

xp_constant signals are called only to show the masking process in Controldesk®. Variable

masked signals exist in the workspace, each one representing the signal at a different zero

crossing positions. The signals are called from the workspace with the zero signal Matlab®

function block.

During the masking process the error between the displacement (Xp) and the masked

displacement must be less than 0.5x1 0. If the error is larger, the masked signal is phase shifted

until the error becomes less. The rotor speed is used as an input variable in the masking process.

The zero signal for force function block sends a high (1) to the workspace when the masked

signal starts repeating.
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Figure C.11 provides the subsystem for amplitude (A), which is responsible for calculating the
amplitude (A) from the minimum and maximum values of the left vertical displacement
(LV_pos).
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Figure C.12: Hit detect subsystem

Figure C.12 provides the hit detect subsystem, responsible for detecting when the left vertical

displacement (LV_pos) performs a zero crossing.
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C.3. REAL-TIME CONTROLDESK" INTERFACE FOR COMPUTER 1

Figure C.13 shows the real-time Controldesk® interface for computer 1 with low frequency fault.
This interface provides the user with real-time access to all commands applicable on the vertical
axis of the left magnetic bearing. The controller parameters (kp, kj and kp) and the bias current

(ip) can be changed in real-time.

Vibration forces and correction forces can be applied. The interface provides the rotational speed
of the rotor and the parameters (A, B, C and D) of the vibration force. Graphs of the vibration
force (fault), left vertical displacement (LV_pos), low frequency correction signal

(correction_low) and high frequency correction signal (correction_high1) are displayed.

Figure C.14 provides the real-time Controldesk” interface for computer 1 with medium
frequency fault. In this figure the vibration force and high frequency signal (correction_high1) is
clearly visible. Medium and high frequency faults are corrected by the high frequency correction
subsystem. Figure C.15 provides the real-time Controldesk® interface for computer 1 with high
frequency fault. In this figure the vibration force (fault) and high frequency correction signal

(correction_high1) is clearly visible.



REAL-TIME IMPLEMENTATION AND HARDWARE SETUP C.11

[PPC- pid_01_1 - HostServics
| Setinge.. |
Fp BEIEN  Lewn] 1

I mﬁm Qmml E

L;m[ [] Dby | 0
[« Drop tgger varisble hete >>
Refetence Capture ~ ~ Capture Variables:

Take Eajeri B ooeofone

Phase {C)

Frequency (8)

IHGHE

B i O e
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C.4. REAL-TIME CONTROLDESK® INTERFACE FOR COMPUTER 2

O MR

Figure C.16: Real-time Controldesk® interface for computer 2 with low frequency fault

Figure C.16 shows the real-time Controldesk® interface for computer 2 with low frequency fault.
This interface provides the user with real-time access to all commands applicable on the
horizontal axis of the left magnetic bearing. The controller parameters (Kp, ki and kp) and bias
current (ip) can be changed in real-time. This interface provides the rotational speed of the rotor
and gives the option to execute the masking process and start calculations for the vibration forces.

Graphs of the left horizontal displacement (LH_pos), masked displacement (masked_xp),
vibration force (fault), constant left vertical displacement (LV_pos_const) and constant masked
displacement (masked_const) are displayed. An orbital representation (left vertical displacement
(LV_pos) against left horizontal displacement (LH_pos)) is also shown.

Figure C.17 provides the real-time Controldesk” interface for computer 2 with medium
frequency fault. In this figure the medium frequency pushbutton is executed. The vibration force
(fault) is clearly visible. Figure C.18 provides the real-time Controldesk® interface for
computer 2 with high frequency fault. In this figure the high frequency pushbutton is executed.
The vibration force (fault) signal is clearly visible.
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APPENDIX D

CALCULATION OF THE SPRING-MASS-DAMPER CONSTANTS

This appendix focuses on the calculation of the spring-mass-damper constants. Calculation of the

constants of the AMB system with one electromagnet will be done first, followed by calculations

of the AMB system with both electromagnets.

D.1 AMBSYSTEM WITH ONE ELECTROMAGNET

kp

ref ki

3|~
| —
» | —

ks

Figure D.1: Block diagram of the AMB system with one electromagnet

0 X

Figure D.1 provides the block diagram and figure D.2 the signal flow diagram of the AMB

system with one electromagnet. These figures were used to calculate the constants.

o
Y

Figure D.2: Signal flow diagram of the AMB system with one electromagnet

The paths and cofactors obtained from figure D.2 are calculated by (D.1) and (D.2).

Kk,
5 s ms? i~
k K,
P, = . 4, =1

where P; and P are the paths and A7 and A are the cofactors of the paths.

(D.1)

(D.2)

D.1



CALCULATION: SPRING-MASS-DAMPER CONSTANTS D.2

The loops are calculated by (D.3), (D.4) and (D.5).

k
L, =—= D.3
. (D.3)
k,k;
L,=- 37 (D.4)
L, = AR (D.5)
ms
The determinant of the graph is given by (D.6).
A=1-(L,+L,+L,) (D.6)
The gain formula is given by (D.7).
T(s) = PA, +P,A,
A
kpsz' 5 erﬁ
ms m
- D.7
kx kpkf krk.-' ( )
Jaastie A uing 4
ms ms ms
k.
E‘(k,s +k,)

B {k,k,-) (kpk, k,]
S$°+ S+ -—=
m m m

The standard form of root equation is s* +2{w,S + @, where { is the damping ratio and w, is

the natural frequency of the system. The standard form of the spring-mass-damper equation is
: 2 beq keq i : 3 i
given by 8% +| —- |s +| —= |, where bgq is the damping constant, m is the mass and Keq is the
m m

stiffness of the system.

Therefore: =L . bg, = kK,
m m
k k k. —k
and r:: =L :'n d Koy =Kok, =k,
k k, -k, k k. k. k. k.k.Am
Further @, =,/ ——=  and 2w, =—- L = Vm

m m 20,  2,Jk,k; —k,
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D.2 AMBSYSTEM WITH BOTH ELECTROMAGNETS
Figure D.3 provides the block diagram and figure D.4 the signal flow diagram of the AMB
system with both electromagnets. These figures provided the basis for the calculation of the

spring-mass-damper constants. The parameter /g in figure D.4 represent the bias current.

Figure D.4: Signal flow diagram of the AMB system with both electromagnets

The paths and loops obtained from figure D.2 are given by (D.8) and (D.9).

k k. ks-k kk k k. & s -k k.
Pzpf,Pzﬂ .-=D.-’P=P!’P=D ;=D.- D.
""me*” ' e AR R s ms i

ks ks kk; k k_;

L, = 25L2=_2:L3=_ pzsL4=“ - s Ls=L,, Ly =L, (D.9)

ms ms ms ms
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The calculation of the gain formula, determinant of the graph and cofactors of the paths is given
by (D.10).
T(s) = P4, +P,4, + P4, +P,4,

A (D.10)
A=1-(L,+L,+L,+L,+L;+L,), A =A4,=4,=4,=1

The gain formula is calculated by (D.11).

T(S) = m32 ms
] _( 2k, 2kok;  2k,k, J

ms®> _ms’ ms (D.11)

2 2k k; + 2k k;s
 ms? + 2kpk;s +(2k k; - 2k, )

From the root equation and the spring-mass-damper equation constants the following equation

can therefore be obtained:

S+
i (D.12)

q(s)=s’+

2 eq

+—s+—
m m

=8

The damping constant beg and stiffness Keq is calculated by (D.13).
b, = 2kpk;

(D.13)
Keq = 2k k; — 2k,



APPENDIX E
RESULTS ON THE TECHNIQUES FOR FAULT DETECTION

The research presented in this chapter was part of a study completed at the University of Applied
Sciences Zittau/Goérlitz in Germany in 2006.

Condition monitoring was performed on the 250 kW water cooling AMB pump, situated at the
Boxberg power plant in Germany. This was done to obtain fault data. Fault detection techniques
were implemented and results were obtained from the historical fault data of the 250 kW water

cooling AMB pump.

Techniques were implemented on the three historical fault datasets (subsynchronous, rotor
synchronous and supersynchronous vibration force). Results on the three datasets can be found

in sections E.1 — E.3, respectively.

The last section of this chapter provides a discussion on the results obtained from the fault
detection techniques. In this section amplitude and frequency feature extraction is discussed. The
author provides advice on what techniques will provide the best solution for amplitude and

frequency features extraction for a specific fault (vibration force).

The purpose of this chapter is to determine which fault detection technique is the best to use for a

specific fault (vibration force). All color images in this chapter are available on the CD.

E.1. TECHNIQUES IMPLEMENTED ON HISTORICAL FAULT DATASET 1
This section focuses and analyses one of the subsynchronous vibration force entries in historical

fault dataset 1.

E.1.1. OVERVIEW ON HISTORICAL FAULT DATASET 1

Figure E.1 and figure E.2 provides the fundamental part of the displacement and current dataset.
In this dataset the displacements and currents are respectively represented as follow: the green
line represents the x-axis on the A-side (motor side), the red line the y-axis on the A-side, blue
line x-axis on the B-side (non-driven side), the orange line the y-axis on the B-side and the black

line represents the z-axis.

E.l
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Flgure E.1: Fundamental part of the dlsplacement (all axes)

These figures provide the situation from where the fault started up to where the AMB system

was shut down due to an excessive amount of vibration.
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Figure E.2: Fundamental part of the current (all axes)

The most vibration in the data can again be seen on the motor side (A-side), therefore it was
decided to concentrate all calculations on this side. Furthermore the increase of the vibration of
the current compared to the increase of the vibration of the displacement is almost the same. This
can be seen in figure E.3 and figure E.4. The rest of the calculations therefore focus on

displacement analysis.

Figure E.3 provides the fundamental displacement before the fault has occurred (first second of
the dataset), second phase of the fault (next second of the dataset) and the last phase of the fault
(last second of the dataset).
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Figure E.4: Current x-axis (A-side)
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E.1.2. SPECTRUM ANALYSIS
The spectrum analysis of the displacement can be seen in figure E.5.

Spectrum analysis: Before fault
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Figure E.5: Spectrum analysis of the displacement

E.1.3. CEPSTRUM ANALYSIS
The Cepstrum analysis of the displacement (shown in figure E.6) provides an output of
quefrency against amplitude. The fault component has a very low frequency, therefore the

Cepstrum does not provide useful information.

Cepstrum analysis: Before fault
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Figure E.6: Cepstrum analysis of the displacement
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E.1.4. SYNCHRONOUS AVERAGE
Figure E.7 provides the synchronous average (SA) of the displacement before the fault has
occurred, second phase of the fault and the last phase of the fault.

Synchronous A\arage: Before fault
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Figure E.7: Synchronous average of the displacement

E.1.5. AUTOCORRELATION
The autocorrelation signal of the displacement before a fault has occurred, second phase of the
fault and last phase of the fault can be seen in figure E.8. From this figure it can be seen that the

period of the fault increases.

Autocarrelallon: Before fault
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Figure E.8: Autocorrelation of the displacement
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E.1.6. SPECTRAL CORRELATION DENSITY FUNCTION
The fault component is clearly visible when the spectral correlation density (SCD) function of

the displacement is calculated. This can be seen in figure E.9.

Spectral Correlation Density: Before fault
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Figure E.9: Spectral correlation density of the displacement

E.1.7. HIGH FREQUENCY RESONANCE TECHNIQUE
Figure E.10 provides the high frequency resonance technique (HFRT) of the displacement. The

fault component has been circled.
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Figure E.10: High frequency resonance technique of the displacement
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E.7

E.1.8. EQUI-SAMPLED DISCRETE FOURIER TRANSFORM

The equi-sampled discrete Fourier transform (ESDFT) of the displacement can be seen in

figure E.11. The fault component has been circled.
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Figure E.11: Equi-sampled discrete Fourier transform of the displacement

E.1.9. WIGNER-VILLE DISTRIBUTION

The WVD of the displacement can be seen in figure E.12. During the second phase of the fault,

the vibration signal climbs on the rotational speed frequency of the WVD signal. The period of

the subsynchronous vibration force during the last phase of the fault has been marked.
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Figure E.12: Wigner-Ville distribution of the displacement
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E.1.10. STATISTICAL DIAGNOSIS

This section focuses on vibration diagnosis by means of calculating the continuous mean (shown
in figure E.13), continuous RMS (figure E.14), continuous maximum (figure E.15), continuous
minimum (figure E.16), standard deviation (figure E.17) and variance (figure E.18) of the
displacement signal. The first second (before fault) and last second (last phase) of the

displacement (shown in figure E.3) was used as basis for the calculations in this section.
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Figure E.14: Continuous RMS of the displacement
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Maximum displacement x-axes: Before fault
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Standard deviation displacement x-axes: Before fault
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Figure E.17: Standard deviation of the displacement signal
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Figure E.18: Variance of the displacement signal

E.1.11. SUMMARY ON HISTORICAL FAULT DATASET 1

By analysing the subsynchronous vibration force data from before the fault (vibration force)
occurred and during the last phase of the fault it can be seen that a lower frequency component
climbs on the rotational speed frequency and causes vibration in the AMB system. This fault
component is clearly visible when the autocorrelation function, ESDFT and WVD of the
displacement is calculated over time. The RMS, mean, minimum, maximum, standard deviation

and variance provides useful information about the amplitude of the fault.
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E.2. TECHNIQUES IMPLEMENTED ON HISTORICAL FAULT DATASET 2
This section focuses and analyses one of the rotor synchronous vibration force entries in the

historical fault dataset 2. The entry in this dataset was characterised as load unbalance.

E.2.1. OVERVIEW ON HISTORICAL FAULT DATASET 2

Figure E.19 and figure E.20 provides the fundamental part of the displacement and current
dataset. In this dataset the displacements and currents are respectively represented as follow: the
green line represents the x-axis on the A-side (motor side), the red line the y-axis on the A-side,
blue line x-axis on the B-side (non-driven side), the orange line the y-axis on the B-side and the
black line represents the z-axis.
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Figure E.19: Fundamental part of the displacement (all axes)

These figures provide the situation from where the fault started up to where the AMB system

was shut down due to an excessive amount of vibration.
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Figure E.20: Fundamental part of the current (all axes)
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Displacement x-axes: Before fault
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Figure E.21: Fundamental of the x-axis displacement for data diagnosis (A-side)

The most vibration in the data can again be seen on the motor side (A-side), therefore it was
decided to concentrate all calculations on this side. Furthermore the increase of the vibration of
the current compared to the increase of the vibration of the displacement is almost the same. This
can be seen in figure E.21 and figure E.22. The rest of the calculations therefore focus on
displacement analysis. Figure E.21 provides the fundamental displacement before the fault has
occurred (first second of the dataset), second phase of the fault (next second of the dataset) and

the last phase of the fault (last second of the dataset).
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Figure E.22: Current x-axis (A-side)
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E.2.2. SPECTRUM ANALYSIS
The spectrum analysis of the displacement before the fault occurred, second phase of the fault

and last phase of the fault can be seen in figure E.23.
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Figure E.23: Spectrum analysis of the displacement

E.2.3. CEPSTRUM ANALYSIS
The Cepstrum analysis of the displacement (shown in figure E.24) provides an output of
quefrency against amplitude. The fault component has a low frequency, therefore the Cepstrum

does not provide useful information.
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Figure E.24: Cepstrum analysis of the displacement
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E.2.4. SYNCHRONOUS AVERAGE
Figure E.25 provides the synchronous average (SA) of the displacement before the fault has

occurred, second phase of the fault and the last phase of the fault.

Synchronous Average: Before fault
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Figure E.25: Synchronous average of the displacement

E.2.5. AUTOCORRELATION

The autocorrelation signal of the displacement before the fault occurred, second phase of the
fault and the last phase of the fault can be seen in figure E.26. From this figure it can be seen that
the period of the fault decreases from the second phase to the last phase.

Autocorrelation: Before fault
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Figure E.26: Autocorrelation of the displacement
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E.2.6. SPECTRAL CORRELATION DENSITY FUNCTION
Figure E.27 provides the spectral correlation density (SCD) function of the displacement before

the fault occurred, second phase of the fault and the last phase of the fault. The fault component

has been circled.

Spectral Correlation Density: Before fault
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Figure E.27: Spectral correlation density of the displacement

E.2.7. HIGH FREQUENCY RESONANCE TECHNIQUE
Figure E.28 provides the high frequency resonance techniques (HFRT) of the displacement

before the fault occurred, second phase of the fault and the last phase of the fault.
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Figure E.28: High frequency resonance technique of the displacement
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E.2.8. EQUI-SAMP

LED DISCRETE FOURIER TRANSFORM

The equi-sampled discrete Fourier transform (ESDFT) of the displacement before the fault has

occurred, second phase of the fault and the last phase of the fault can be seen in figure E.29.

Equi-Sampled DFT: Before fault

10000 T T T T T T T T
[ [ l 1 | 1 | [ [
o 8000 - ---- m————— === === === —-——— -=-—=== |==——— e (emtit ate
o [ 1 1 1 | 1 [ [ [
- 6000 ------ = ————— === = e - o= == —=== == === e S s
S l 1 1 1 | I | I [
4000 - - - - - === == ————— e ————— == - = = l= = = = = = == = f = -
E | I | 1 1 1 I l l
2000 -=-=-—- e el i e r—————-—— e e R — [ - o (7 RR
l I | ) I 1 I 1 1_ 1 I
0 . ok L . L ol ke ke L |
o 100 200 300 400 500 800 700 800 200 1000
Equi-Sampled DFT: Second phase of fault
5000 T T T T T T T
| 1 1 [ [ | 1 | l
i ADDD L~ i T e = P oatin 12" o WO FisES [ kot T3 partotr e et Lo == e
‘g | I 1 I [ I 1 1 1
= 3000 | -—=~-~ o b == F————— =————— e == === T et
=1 | 1 i I [ | 1 ] |
E 2000 F-—- - - - _————— - —— o= e - ————— === === I -———— = = == - -
< “}_ | 1 1 [ [ l 1 1 |l
1000 k=== =l o e e e e = = o R g I —_—— -l - o] 4 = = =
] » 1 |
AN . R ¥ Al L
o 100 200 300 400 500 600 700 800 200 1000

<4000

Equi-Sampled DFT: Last phase of fault
T

3000

2000

Amplitude

1000 |t

Frequency (non-scaled)

Figure E.29: Equi-sampled discrete Fourier transform of the displacement

E.2.9. WIGNER-VI

LLE DISTRIBUTION

The Wigner-Ville Distribution (WVD) of the displacement before the fault occurred, second

phase of the fault and the last phase of the fault can be seen in figure E.30. The period decreases

from the second phase to the last phase. These periods has been marked.
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Figure E.30: Wigner-Ville distribution of the displacement
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E.2.10. STATISTICAL ANALYSIS

This section focuses on vibration diagnosis by means of calculating the continuous mean (shown
in figure E.31), continuous RMS (figure E.32), continuous maximum (figure E.33), continuous
minimum (figure E.34), standard deviation (figure E.35) and variance (figure E.36) of the
displacement signal. The first second (before fault) and last second (last phase) of the

displacement (shown in figure E.21) was used for the calculations in this section.
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Figure E.31: Continuous mean of the displacement
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Figure E.32: Continuous RMS of the displacement
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Maximum displacement x-axes: Before fault
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Figure E.33: Continuous maximum of the displacement

Minimum displacement x-axes: Before fault
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Figure E.34: Continuous minimum of the displacement
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Standard deviation displacement x-axes: Before fault
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Figure E.35: Standard deviation of the displacement signal
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Figure E.36: Variance of the displacement signal

E.2.11. SUMMARY ON HISTORICAL FAULT DATASET 2

By analysing the rotor synchronous vibration force data from before the fault (vibration force)
occurred and during the last phase of the fault it can be seen that a lower frequency component
climbs on the carrier signal during the second phase and a slightly higher frequency component
climbs on during the last phase, which causes a vibration in the system. The fault component is
clearly visible when the autocorrelation function, SCD function and WVD of the displacement is
calculated over time. The RMS, mean, minimum, maximum, standard deviation and variance

provides useful information about the amplitude of the fault (vibration force) over time.
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E.3. TECHNIQUES ON HISTORICAL FAULT DATASET 3
This section focuses and analyses one of the supersynchronous vibration force entries in
historical fault dataset 3. The entry in this dataset was characterised as an resonance foundation

looseness.

E.3.1. OVERVIEW ON HISTORICAL FAULT DATASET 3

Figure E.37 and figure E.38 provides the first second of the fundamental part of the displacement
and current dataset. In this data set the displacements and currents are respectively represented as
follow: the green line represents the x-axis on the A-side (motor side), the red line the y-axis on
the A-side, blue line x-axis on the B-side (non-driven side), the orange line the y-axis on the

B-side and the black line represents the z-axis.
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Figure E.37: Fundamental part of the displacement (all axes)

These figures provide the situation from where the fault started up to where the AMB system

was shut down due to an excessive amount of vibration.
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Figure E.38: Fundamental part of the current (all axes)
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Displacement: Historical fault dataset 3 _
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Figure E.39: Fundamental part of the displacement and current x-axis (A-side)
Figure E.39 provides the fundamental part of the displacement and current. Figure E.40 provides

the fundamental displacement before the fault has occurred (first 0.2 seconds of the dataset) and
after the fault has occurred (next 0.2 seconds of the dataset).
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Figure E.40: Fundamental part of the displacement (before and after the fault)
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E.3.2. SPECTRUM ANALYSIS

The spectrum analysis of the displacement can be seen in figure E.41. The fault component is

clearly visible in this spectrum.

Spectrum analysis: Before fault
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Figure E.41: Spectrum analysis of the displacement

E.3.3. CEPSTRUM ANALYSIS
The Cepstrum analysis of the displacement (as see in figure E.42) provides an output of

quefrency against amplitude. The fault component is clearly visible during this analysis.

Cepstrum analysis: Before fault
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Figure E.42: Cepstrum analysis of the displacement
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E.3.4. SYNCHRONOUS AVERAGE
Figure E.43 provide the Synchronous average (SA) of the displacement before and after the fault

has occurred.

30 Synchronous Average: Before fault
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Figure E.43: Synchronous average of the displacement (before and after the fault)

E.3.5. AUTOCORRELATION
The unbiased autocorrelation signal of the displacement betore and after the fault has occurred

can be seen in figure E.44.

Synchronous Average: Before fault
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Figure E.44: Autocorrelation (unbiased) of the displacement (before and after the fault)
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E.3.6. SPECTRAL CORRELATION DENSITY FUNCTION

The fault component is clearly visible when the spectral correlation density (SCD) function of

the displacement is calculated. This can be seen in figure E.45.
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Figure E.45: Spectral correlation density of the displacement

E.3.7. HIGH FREQUENCY RESONANCE TECHNIQUE

Figure E.46 provides the high frequency resonance technique (HFRT) of the displacement.
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Figure E.46: High frequency resonance technique of the displacement
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E.3.8. EQUI-SAMPLED DISCRETE FOURIER TRANSFORM
The equi-sampled discrete Fourier transform (ESDFT) of the displacement can be seen in
figure E.47. The fault component has been circled.

Equi-Sampled DFT: Before fault
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Figure E.47: Equi-sampled discrete Fourier transform of the displacement

E.3.9. WIGNER-VILLE DISTRIBUTION
The Wigner-Ville distribution (WVD) of the displacement can be seen in figure E.48. The

vibration signal can be seen on the peaks of the WVD signal.

wigner-Ville Distribution: Before fault
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Figure E.48: Wigner-Ville distribution of the displacement
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E.3.10. STATISTICAL DIAGNOSIS

This section focuses on vibration diagnosis by means of calculating the continuous mean (shown
in figure E.49), continuous RMS (figure E.50), continuous maximum (figure E.51), continuous
minimum (figure E.52), standard deviation (figure E.53) and variance (figure E.54) of the
displacement signal. The fundamental part of the x-axis displacement for data diagnosis (shown

in figure E.40) was used as basis for the calculations in this section.
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Figure E.49: Continuous mean of the displacement signal
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Figure E.50: Continuous RMS of the displacement signal
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Maximum displacement x-axes: Before fault
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Figure E.51: Continuous maximum of the displacement signal
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Figure E.52: Continuous minimum of the displacement signal
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Standard deviation displacement x-axes: Before fault
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Figure E.53: Standard deviation of the displacement signal
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Figure E.54: Variance of the displacement signal

E.3.11.SUMMARY ON HISTORICAL FAULT DATASET 3

By analysing the supersynchronous vibration force data it can be seen that a higher frequency
component climbs on the rotational speed frequency and causes a vibration in the AMB system.
This fault component is clearly visible with all the techniques used in this section, but the
frequency component of the fault is not that easily measurable with all the techniques. The
Cepstrum analysis, HFRT and WV provides precisely measurable frequency features over
time. The RMS, mean, minimum, maximum, standard deviation and variance provides useful

information about the amplitude of the fault (vibration force) over time,
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E.4. DISCUSSION ON RESULTS OBTAINED FROM THE TECHNIQUES

By analysing the historical fault data with different fault detection techniques, it was possible to
obtain conclusions and recommendations to which technique is the best to use when a certain
fault (vibration force) occurs. From the subsynchronous vibration force data it can be seen that a
low frequency fault causes vibration in the AMB system. Measurable frequency components in
this data set can be obtained from the autocorrelation function, ESDFT and WVD of the
displacement. Amplitude feature extraction is possible with the RMS, mean, minimum,

maximum, standard deviation and variance.,

From the rotor synchronous vibration force data it can be seen that a medium frequency fault
causes vibration in the AMB system. Measurable frequency components in this data set can be
obtained from the autocorrelation function, SCD function and WVD of the displacement. The
RMS, mean, minimum, maximum, standard deviation and variance of the signal over time
provide amplitude features. From the supersynchronous vibration force data it can be seen that a
higher frequency fault causes vibration in the AMB system. Measurable frequency components
in this data set can be obtained from the Cepstrum analysis, HFRT and WVD. The RMS, mean,
minimum, maximum, standard deviation and variance provides useful information about the

amplitude of the fault over time.

Table E.1 provides choices of techniques for amplitude and frequency feature extraction. The
three historical datasets is compared with the choice of technique for feature extraction. The
choice of technique for feature extraction is divided into good, better and measurable, with

measurable being the best option for feature extraction of the specific dataset.

Table E.1: Choice of technique for feature extraction

HISTORICAL FAULT RMS MEAN Spectrum | SA Autocorrelation
DATASET 1 MIN, MAX Cepstrum | SCD ESDFT
(SUBSYNCHRONOUS) STD DEV. HFRT WVD
3 VARJANCE
HISTORICAL FAULT RMS. MEAN Spectrum | ESDFT Autocorrelation
DATASET 2 MIN, MAX SA Cepstrum SCD
(ROTOR STD DEV. HFRT WVD
SYNCHRONOUS} - "f VARIANCE
HISTORICAL FAULT RMS. MEAN SCD Autocorrelation | Cepstrum
DATASET 3 - i o) | MIN, MAX ESDFT SA HFRT
(SUPERSYNCHRONOUS) STD DEV. Spectrum WVD
VARIANCE




APPENDIX F
CONDITION MONITORING SUPPLIERS

This appendix provides a list of suppliers on condition monitoring. Table F.1 provides the

suppliers on the left side with the corresponding features and websites on the right.

Table F.1: Condition monitoring suppliers

| SUPPLIERS - - | FEATURES AND WEBSITES @

Briiel & Kjaer Provides portable and fixed condition monitoring systems.
Extensive system and sensors, together with intelligent trip
logic, minimise the false alarms that can lead to costly
downtime. http://www bkvibro.com

Monitran Provides portable vibration meters and displacement
transducers. Vibration monitoring of industrial machinery
and robust sensors. http://www.monitran.co.uk/index.htm

Priiftechnik L1d. Provides the bearing condition and temperature. Laser shaft
alignment system and condition monitoring.
http://www.pruftechnik.com/index___htm

Entek Scientific Corp. USA The machinery information company. Look into
EMONITOR® Odyssey, the new software solution that
gives you the complete picture of the health of your plant
machinery. Predictive maintenance systems and software
http://domino.automation.rockwell.com/applications/gs/RE
GION/EntekWebST.nsf/pages/Home Page

VIPAC Engineers Ltd. Machine condition monitoring, balancing, FEM analysis and
torque strain pressure. Testing and design services for
machines and structural vibration tests.
http://www.vipac.com.au

SKF Condition Monitoring The SKF condition monitoring product line includes a wide
range of instruments that provide the means to ensure proper
and optimum maintenance of rotating and reciprocating
machinery. Provides vibration monitoring tools.
http://www.skfcm.com

Vibro-meter Systems Ltd. Complete monitoring solutions for gas turbine applications.
Provides proximity transducers for vibration and
displacement measurement. Accelerometers for reliable,
accurate measurement in all types of environments.

http://www.sovereign-publications.com/vibro.htm

F.1
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Spectra Quest Inc. Provides alignment/balance vibration training.
Manufacturing of high quality products for machinery
vibration solutions ranging from training to multi-channel
measurement systems. http://www.spectraquest.com

IMI Division Performs condition monitoring. Provides industrial

accelerometers, hand-held calibrators and accessories.
http://www.imi-sensors.com/industrial

Evam Condition Monitoring

Analysis of vibration forces and spectrum, machine specific
evaluation of all parameters and an easy to use software
package.

http://www spminstrument.com/solutions/methods/evam.asp

DEI Ltd.

Provides condition monitoring tools and performance
analysis for electrical motors. http://www.dei-ltd.co.uk

AV Technology Limited

Maintenance accountants for a large proportion of plant
operating cost. Knowledge of machines, through condition
monitoring can allow you to reduce periodic maintenance
without risk of failure. Provides monitoring techniques and
systems within a structured predictive maintenance
programme. http://www.avtechnology.co.uk

_B.eran Instruments

Provides single hardware units for condition monitoring,
http://www .beran.co.uk/company.htm

Kistler Instruments Corp.

Provides piezoelectric acceleration measurement equipment,
sensors and actuators for industry monitoring tasks.
http://www kistler.com

Dera Systems

Offers expert consultancy on condition monitoring.
http://defence-data.com/f2000/pagefal 066.htm

AES Lid, UK Machinery health advisors for electrical motors.
http://www .aesltd.co.uk
BC Computing Ltd. Provides predictive maintenance systems and toals.

http://www.bccomputinginc.com

[RD Mechanalysis Ltd.

Provides expert systems for condition monitoring.
http://www.testpoint.com/IRDMechanalysis.htm

Southhampton Institute, UK

Provides condition menitoring systems and tools.
http://www.southampton.}iu.edw/academic/cont studies

ESBI Computing L.td.

Computerised maintenance management systems.
http://www.esbic.ie

Engica Technology Systems Ltd.

Condition monitoring and asset management systems.
http://www engica.com

AEA Technology, UK

Provides corrosion monitoring systems.

http://www aeatechnology.com
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Land Infrared, UK

Provides image processing systems and tools for condition
monitoring. http://www.landinst.com/infrared/index.htm

Insight Logistics Ltd, UK

Maintenance resource planning and scheduling systems.
http://www.insightnl.com/index.shtml

FDS Advanced Systems, UK

Provides maintenance systems for vibration monitoring.
http://www fdsltd.co.uk

Dynamic Logic Ltd.

Maintenance and asset management systems.
http://www.dynamiclogic.co.uk

Bentley Nevada, USA

Diagnostics for rotating machinery.
http://www.bently.com

Datastream Systems Inc, USA

Maintenance management systems and tools.
http://www.datastream.net/English/Detault.aspx

SPM Instrument UK Ltd.

The SPM product line addresses four major areas of
industrial applications. Provides vibration monitoring,
machinery alignment and maintenance instruments.
http://www.spminstrument.com

STATUS Technologies Ltd.

MotorStatus is an integrated condition monitoring *smart
sensor” for motors. It is completely self-contained for
sensors, analysis, data storage, and power, without the need
for expensive data collectors.
http://www_statustechnologies.com

Oceana Sensor Technologies

Machine monitoring tools. Embeddable sensors for
monitoring the health of rotating machinery. Provides high
resolution, low power consuming, piezoceramic
accelerometers. http://www.oceanasensor.com

Endevco Corporation

Manufacturing of dynamic instrumentation for vibration
http://www.endevco.com

Delta Catalytic Ltd, UK

Provides vibration analysis and tools for rotating machinery.

Cotec Computing services

Provides integrated maintenance management systems and
tools.

British Electrical Repairs Ltd.

Provides motor management systems and software for
electrical motors.

AGEMA Infrared Systems Ltd.

Thermal analysis and report software for rotating
machtnery.

Stell Diagnostic Ltd.

Vibration monitoring by radio transmission systems.
Provides sensors and beacons designed for harsh
environments and explosive zones. Overall levels spectral
data collector/analyser and balancers.




APPENDIX G
DATASHEETS, CATALOGS, PHOTOS AND MOVIE CLIPS

This appendix provides a list of datasheets, catalogs, photos and movie clips containing technical
detail and additional information about the thesis, which is available on the CD. This thesis is

available (in pdf format) on the CI.

G.1. DATASHEETS\CATALOGS

= dSPACE® catalog 2006 (dSPACE Catalog 2006.pdf)

«  dSPACE® advanced control education (ACE) kit (dSPACE_ACE-Kit 2005 _en b202.pdf)

» Controldesk® real-time interfacing (ControlDesk_dSPACE Catalog 2006.pd)f)

s  DS1104 R&D controller board specifications (DS7104 R&D_Controller Board dSPACE.pdyf)
» dSPACE" real-time interface (RTI) catalog (RTI dSPACE Catalog 2006-13.pdf)

» dSPACE® MLIBWTRACE (MLIB_MTRACE_dSPACE Catalog 2006 pdf)

= dSPACE" compilers (Compilers dSPACE_Catalog 2006 pdf)

»  TargetLink for production code generation (Targetimplementation dSPACE Catalog pdf)
» dSPACE® targetLink code generation (TargetLink dSPACE_Catalog_2006.pdf)

»  dSPACE®real-time interface for multiprocessor systems (RTI-MP) (RTI_MP_dSPACE pdf)

G.2. PHOTOS\SCREENSHOTS

»  Complete view of the 250 kW water cooling AMB pump (pump complete.jpg)

*  Pump view of the 250 kW water cooling AMB pump (pump_zoomed_jpg)

*  Complete view of the double radial AMB test rack (double_complete jpg)

»  Zoomed view of the double radial AMB test rack (double zoomed. jpg)

* Screenshot of real-time computer 1 with low frequency fault (comp!_low jpg)

* Screenshot of real-time computer 1 with medium frequency fault (comp! medium.jgp)
® Screenshot of real-time computer 1 with high frequency fault (comp! _high.jgp)

»  Screenshot of real-time computer 2 with low frequency fault (comp2 low.jpg)

* Screenshot of real-time computer 2 with medium frequency fault (comp2 medium.jpg)

= Screenshot of real-time computer 2 with high frequency fault (comp2 high.jpg)

G.3. MOVIE CLIPS
* Double radial AMB test rack with low frequency vibration force (condition low.avi)
*  Double radial AMB test rack with medium frequency vibration force (condition medium.avi)

* Double radial AMB test rack with high frequency vibration force (condition high avi)
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