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Preface

When | look back to when | first started this graduation assignment in March 2022, | am thrilled with
what this journey has become. | walked into the Allseas office on the first day just like all of my col-
leagues: with a dream to work on the biggest boat with the biggest machinery and no knowledge of
Electrical Signature Analysis whatsoever. Eventually, this turned out to be of no concern, since the
project started to take shape rather quickly. | think the biggest reason for this was the great enthusi-
asm that everyone seems to have for this project. And even after 10 months of working with current
and voltage sensors, | am still excited by the topic of ESA. Because, to me, it still feels like something
straight out of a science-fiction movie. Now coming to the end of this ride, | am not only content with
the thesis that you're currently looking into, but | cannot be happier with the adventure that it entailed.

The biggest challenge over the last few months has been trying to squeeze everything | have learned
during my research into a thesis. The last feedback | received boiled down to two things. Firstly, that
| "see the apples, but haven’t picked them yet.” And secondly, that | should think about "how to sell
it.” | struggled with addressing this. On the one hand, | want to take my readers through the research
and clearly explain how one would set up an ESA strategy, including how | have come to all individual
conclusions. But on the other hand, showing every single plot that I'm excited about and that made
me learn something new will inevitably make a reader "unable to see the forest through all the trees,”
as one would say in Dutch. Reflecting on this now, | think walking this fine line proved hard for me,
but definitely made me learn a great deal about conveying my message. So, | hope you enjoy reading it!

It goes without saying that this research would not have been possible without the help of many
people. First and foremost | would like to thank everybody at Allseas Engineering BV for providing
me with the opportunity to perform this research on the boat of my dreams. In particular, | would like
to thank my supervisors at Allseas, Maarten Langelaar and Nicolas Chasiotis, as | sincerely felt great
comfort in the faith you seemed to have in me and the project. Secondly, | want to thank my TU Delft
supervisors Henk Polinder and Andrea Coraddu. Their feedback on the earlier versions of this thesis
is greatly appreciated, and even if | haven’t succeeded in "picking the apples” this time around, | still
see myself using that great metaphor a lot in the future. But most importantly, | want to thank Deesje,
Bassie, Jelm and Jels, because | can’t thank them enough.

Koen W. Kruimer
Delft, January 2023



summary

Electrical Signature Analysis (ESA) is a technique in which the voltage and current of a three-phase
Induction Motor (IM) are measured and analysed to assess the health of the machine. The use of
ESA for detecting mechanical defects in IM assemblies has been a popular topic in scientific research
since the 1970’s. However, this research is limited to laboratory test setups for small motors and ESA
has never been widely implemented in the industry. Therefore, in this thesis the possibilities for ESA
as a CM method for marine thruster assemblies are explored by implementing a current and voltage
measurement setup on three thrusters of the Pioneering Spirit (PS).

The current and voltage of the three phases of the three thrusters will be recorded during ramp-up
tests, in which the motor speed is increased in increments of 5%. During such an interval, the motor
speed is maintained constant. Out of these measurements, the demodulated current, voltage, torque
and power are calculated, after which their spectra are plotted. These spectra are then analysed for the
presence of frequencies with a mechanical origin and thus the mechanical behaviour of the machines is
identified. Finally, the identification of the mechanical behaviour might be used in assessing the health
of the machine and making a machine health diagnosis.

Out of the three thrusters that are subject to the test, the first is suspected to be healthy, the second
is suspected to have bearing wear inside the thruster and the third is suspected to have bearing wear
inside the IM. Therefore, these three thrusters serve as a diverse population for testing the potential of
ESA in identifying different states of mechanical machine health. Furthermore, in order to validate and
compare the results of the ESA measurements with different monitoring techniques, the thrusters will
be subject to mechanical vibration measurements and mechanical shaft torque measurements during
the same ramp-up tests. Also, historical vibration data from accelerometers mounted inside the thruster
is available for this purpose.

The results of the tests validate that the mechanical behaviour of the machines can be identified
in the spectra of the electrical measurements, and is most easily detected in the demodulated current,
torque and power spectra. Furthermore, there are two possibilities to detect unhealthy machine be-
haviour through these spectra. Firstly, this can be done by the detection of mechanical frequencies
that only occur in the case of a damaged component, such as bearing frequencies. Or this can be
done by monitoring the mechanical vibrations that are considered healthy over time. When a trend or
sudden increase in amplitude is detected, this might also indicate faulty behaviour. Examples of these
healthy vibrations are the motor shaft frequency or Blade Pass Frequency (BPF). The monitoring of
these healthy vibrations can only be done per individual thruster and at the same motor speed. Since,
the three thrusters showed different amplitudes in their mechanical vibrations that were still considered
healthy, and there was no linear relation between the amplitude of the vibrations and the motor speed.

Once faulty machine behaviour is detected, the final step in a machine health diagnosis is to assess
the severity of the damage. Currently, this is still complex for ESA, as the measured amplitude of a
mechanical vibration in the electrical spectra is dependent on many mechanical and electrical machine
parameters, as well as the location of the fault inside the thruster. This suggests that a large amount
of labeled ESA failure data for specific machines must be gathered to make a reliable fault severity
assessment. However, a fault severity assessment through ESA might be simplified by using vibration
analysis ISO standards. Since, in some cases the results of an ESA analysis show overlap with the
patterns described for certain stages of damage in these ISO standards.
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When comparing the ESA-based method for mechanical health monitoring with the currently imple-
mented CM campaign, based on vibration analysis, for the thruster assemblies of the PS, it can be
concluded that at this point the ESA-based method cannot replace the vibration analysis campaign.
The two main reasons for this are the previously stated point on the complexity of fault severity assess-
ment through ESA and secondly, the fact that it has not yet been proven (or disproved) that ESA can
detect mechanical failure behaviour originating from deep down in the underwater part of the thruster.
However, ESA can be implemented as an additional autonomous CM system to detect mechanical and
electrical failures. A step-by-step approach for the implementation of such a system is presented in
Chapter 6 of this thesis and an overview of this approach is shown in Figure 1.

Finally, the baseline load (0 Hz-component) of the electrically deduced torque showed great re-
semblance to the baseline load measured with the mechanical shaft torque measuring device, as the
baseline load measured with the two different techniques consistently had an accuracy of 0 - 3%, when
compared to each other. However, this same accuracy was not found for the torsional vibrations mea-
sured at any other frequency. Still, the ESA measurement show potential to replace the mechanical
shaft torque measurements in cases that only the baseline load is of interest.

Setting up automatic ESA based condition monitoring system

1: Install hardware 2: Initiate system 3: Monitor thruster 4: Maintenance action

Figure 1: Proposed implementation of an ESA based condition monitoring method
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1 Introduction

The Induction Motor (IM) is often seen as the workhorse of the industry, since it is responsible of over
60% of the global industrial electrical power consumption and more than 85% of motors used in in-
dustrial appliances are IMs. The main reasons for this are the low cost, robustness, low maintenance
requirements and capability to operate in extreme working conditions of IMs [1]-[3]. Considering this
crucial role the IM has in almost every industry, e.g. production plants, wind energy, and the rail, mar-
itime and automotive industry, the reliability of these machines is of high importance in both safety and
economical perspectives. Especially in the case of large and costly Medium Voltage (MV) machines,
unexpected downtime of an IM could lead to an entire production process shutting down, often resulting
in high revenue loss [4].

Logically, a proper maintenance strategy should be implemented in IM applications to prevent un-
necessary downtime and its consequences. Currently, the maintenance strategy that is seen as most
advanced is Predictive Maintenance (PdM), in which the conditions of the operating equipment are
monitored in order to predict possible failures and correct this at an optimal time. The reasoning for
this is that in 99% of the cases of equipment failure, the failure is preceded by certain signs, conditions
or indications that a failure is going to occur [5]. However, a correct implementation of a PdM strategy
can be much more than using vibration analysis or thermal imaging to catch possible signs of failure
beforehand. PdM is sometimes seen as a philosophy that can improve productivity, product quality,
and overall effectiveness of a manufacturing plant by using the operating condition of the plants’ equip-
ment to optimize the total operation of the plant [6].

In the maritime industry seagoing vessels will often have hundreds of IMs running simultaneously,
most noticeably a ship’s thrusters in the case of diesel-electric propulsion systems. These assemblies
of MV IMs and thrusters are tailor-made and highly expensive. Also, performing maintenance on them
would halt the operations of the entire ship, causing a considerable revenue loss. Therefore, the imple-
mentation of a proper condition based PdM strategy for these thruster assemblies will likely increase
a vessel's overall efficiency. However, the current industry standard for these machines is a planned
maintenance strategy combined with Vibration Analysis (VA) [7]. One of the main downsides of this
type of monitoring for thruster assemblies is its intrusiveness: Vibration sensors located in the under-
water part of a thruster often can’t be reached without removing the thruster assembly from the vessel.
This makes the question arise whether other condition monitoring techniques might be better suited for
designing a PdM strategy for these types of machines.

Another type of Condition Monitoring (CM) much similar to VA is Electrical Signature Analysis (ESA),
a technique specially developed for the unintrusive monitoring of IMs [8], but not widely implemented in
the maritime industry. This technique could potentially be more effective in setting up a PdM strategy
for IMs in the maritime industry. Therefore, investigating how this technique can best be implemented in
order to reach this goal and how ESA weighs up to VA in this industry can be useful research. However,
a literature review on the topic of ESA, which is presented in Appendix H, makes clear that the current
state of the art of this technique is only to detect and classify mechanical machine failures. A lack of
labeled failure data is the primary cause that making predictions on the course of machine failures,
which is the goal of PdM, is considered to be too complex at this point. Furthermore, the technique of
ESA for mechanical failure detection has proven to be successful in small laboratory test-bench setups
many times, but is not widely implemented in the industry.

For this reason, a gap in the scientific literature can be recognized when considering the implemen-
tation of ESA as a PdM strategy in the maritime industry. This gap concerns testing the potential of ESA
as a CM technique on actual MV and multi-megawatt IM assemblies on a marine vessel. Performing
research on this subject would further progress the state of the art of ESA and would be the first step
in testing the potential of ESA as a PdM strategy for mechanical failures in the maritime industry.
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1.1. Research questions

To test the potential of ESA as a CM technique for mechanical failures in the maritime industry, the
main research question and subsequent subquestions of this graduation assignment are:

Main question:

* 'How can Electrical Signature Analysis successfully be implemented as a Condition Monitoring
technique for mechanical failures in induction motor driven thruster assemblies in the maritime
industry?’

Subquestions:

1. 'Which mechanically induced vibrations can be detected in the induction motor current and voltage
measurements?’

2. 'How can these mechanically induced vibrations be most effectively detected in the induction
motor current and voltage measurements?’

3. 'How can the detection of these mechanically induced vibrations be used for mechanical fault
detection and a machine health assessment?’

4. 'How does this method compare to Condition Monitoring based on mechanical vibration measure-
ments?’

5. Perform a machine health diagnosis of thruster 1, 3 and 6 of the Pioneering Spirit based on the
researched method.

These research questions were set up following a literature review on the topic of ESA and PdM.
A short description of this literature review including its conclusions is shown in Chapter 2. Also, the
entire literature review is added to this thesis as Appendix H. The research questions will be answered
by performing and analysing measurements on three identical thruster assemblies of a marine vessel.
Firstly, the methodology and analysis steps for these measurements are presented in Chapter 3. Next,
the results of the measurements will be shown in Chapter 4. Hereafter, the ESA measurements of the
thrusters will be validated by separately collected mechanical vibration measurements and torsional
vibration measurements, as shown in Chapter 5. Then, the results of all measurements, both electrical
and mechanical, will be further discussed in Chapter 6, including a comparison between the different
methods. Finally, a conclusion is presented in Chapter 7 followed by a list of recommendations in
Chapter 8. A further elaboration on the structure of this thesis and its design to eventually answer the
main research question is presented in Figure 1.1.

Furthermore, as these research questions will be answered by measuring a marine vessel’s thruster
assemblies, a second objective of this research is to create a machine health diagnosis of these
thrusters using the knowledge gained in the research, which is highlighted as subquestion 5. This
machine health diagnosis for the thrusters is presented as a separate scientific paper in the form of a
case study, which is included in Appendix A. The results of this diagnosis will also be added into the
conclusion in Chapter 7.
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/. Literature Review

As stated in the Introduction, the first step of investigating the potential of ESA for a PdM strategy in
the maritime industry is to analyse the available scientific literature. In this chapter, the setup of the
performed literature review is shortly introduced, after which its conclusions are presented. In addition,
the entire literature is added in Appendix H.

The use of the literature review is to identify a gap in the scientific literature regarding ESA and PdM
and to set up the research questions for this thesis, as was also stated in the Introduction. For this
reason, it should be noted that the conclusions of the literature review have been used to shape the
remainder of the research. Therefore, the research questions used for the literature review, as shown
in Section 2.1, slightly deviate from the research questions of this thesis, which are shown in Section 1.1.

2.1. Structure and research questions

The literature review focuses on Motor Current Signature Analysis (MCSA). This CM technique for
IMs originates from the 1970’s and has been been a popular research topic in scientific literature ever
since it was first contrived [8]-[12]. The objective of the literature review is to investigate the different
possibilities in creating a PdM strategy for IM driven thruster assemblies used in the maritime industry
based on MCSA. Therefore, the main research question and subquestions of this literature review are:

Main question:

» 'How can Motor Current Signature Analysis be best implemented to create a predictive mainte-
nance strategy for mechanical failures in induction motor assemblies in the maritime industry?’

Subquestions:

'How is a predictive maintenance strateqy ideally set up?’

"What are the common mechanical failures of an induction motor?’

‘What sets the maritime industry, its maintenance strategies and its use of induction motors apart?’
'How are current maintenance strategies that make use of Vibration Analysis set up?’

‘What different methods exist to use Motor Current Signature Analysis as a means for condition
monitoring in induction motors?’

arowbd =

As can be seen in the questions above, each subquestion concerns a different research topic. To
answer these research questions, the literature review is divided into five chapters, all concerning a
single topic. This way, each chapter answers one subquestion, in order to finally answer the main
research question. The conclusions of the literature review are presented in the next section.



2.2. Conclusions

Out of the information presented in the literature review, multiple conclusions can be drawn. These
conclusions are listed below.

A - Firstly, MCSA is proven to have functionalities that other CM techniques, such as VA, do not
have and is proven to be able to detect mechanical failures in IM assemblies. Therefore, it would be
interesting further research to try and develop this method in the maritime industry on an actual marine
IM assembly, instead of solely researching the method in a test-bench setup.

B - Secondly, when setting up this type of research, it is of added value to include voltage measure-
ments next to stator current measurements. This way, more information is gathered for analysis. The
method would then be more accurately called ESA instead of MCSA.

C - Continuing, one of the most appealing assets in the maritime industry on which a PdM strategy
based on ESA might be interesting to develop would be the IM driven thruster assemblies of marine
vessels. These heavy and costly machines with complex maintenance requirements offer the most
possible gain of a successful PdM strategy in terms of overall expenses and preventing unexpected
maintenance. Also, these partially submerged assemblies are a good subject for unintrusive CM tech-
niques.

D - The first attempts at information processing should be the easiest and most conventional ones,
such as manually analysing the frequency spectrum and the demodulated spectrum. Depending on the
effectiveness of this, more complex techniques can be implemented to: improve the fault diagnostics
process, work towards a prognostics approach or enable fault detection in the first place, in the case
that the Fast Fourier Tranform (FFT) is not able to distinctly show fault behaviour. These more complex
techniques can be both physical model-based or data-driven. It depends on the type of data obtained to
judge what will be most useful, but there are plenty of data processing tools that have proven successful.

E - Ultimately, a Wavelet Transform approach might be best suited for an actual PdM strategy based
on ESA for DP thruster assemblies. This is because a vessel on Dynamic Positioning (DP) will con-
stantly change its motor torque and speed to remain in the same geographical position. Therefore, the
motor speed and load will always be transient, for which the WT offers the best analysis.

F - Also, some techniques that show promise to be used for MCSA, but have not been widely imple-
mented are: Cepstrum analysis, as it is effective in the analysis of sidebands, and the Convolutional
Neural Network, as it required no data pre-processing and feature evaluation for it to be successfully
used for diagnostics.

G - Finally, to be able to set up a PdM strategy based on MCSA, the prognostics will be the most
difficult part to set up. This is because either an extensive amount of machine data including failure
data has to be available or a novel prognostics technique has to be used, which are currently being
researched, but cannot yet be called proven concepts.



3 Methodology

As stated in Chapter 1.1, in order to answer the research questions, a multitude of measurements are
performed on the MV IMs of a marine vessel’s thruster assemblies. In this Chapter, firstly, the ship
and thruster assemblies that are to be analysed are introduced. Secondly, the specific approach for
taking the measurements is discussed, as well as the measuring setup that is used. Thereafter, the fre-
quencies of interest are highlighted in terms of mechanically induced vibrations or electrical oscillations
that are critical for the analysis. Then, the information processing techniques used to extract useful
information from the raw data are discussed. Finally, an overview of the entire process and analysis is
presented, as well as an overview of the thruster assemblies containing all used measuring devices.

3.1. Ship and thruster assembly

The marine vessel on which the research will take place is the Pioneering Spirit (PS) of the Dutch engi-
neering company Allseas Engineering BV, located in Delft. The PS is an offshore construction vessel
with a diesel-electric propulsion system specialized in both subsea pipelay, as well as heavy-lift opera-
tions. For this, it uses 12 Rolls-Royce azimuth thrusters, each driven by a 6.5 MW 3 kV IM. A 3D-model
of the specific thruster as used on the PS is shown in Figure 3.1. More specific technical information
on the ship and thruster assemblies can be found in Appendix B.

The three thrusters on which the measurements will take place are T1, T3 and T6. These specific
thrusters are chosen for analysis because T1 shows no signs of mechanical wear, T3 shows early signs
mechanical wear in the double spherical input shaft bearing, as shown in Figure B.3, and T6 shows
early signs of bearing in the NDS IM bearing. This means that measuring these three thrusters gives
the most diverse baseline of mechanical behaviour, consisting of both a healthy thruster that can serve
as a baseline of measurements and two thrusters showing different signs of faulty machine behaviour.
Therefore, this set of thrusters will provide the measurements most suited to answer the research ques-
tions.

Figure 3.1: Section view of specific Rolls-Royce Ulstein UUC-455 assembly as used on the PS [13]



3.2.

Measurements

The approach for taking the ESA measurements is as follows: Firstly, ramp-up tests are performed
for all three thrusters, in which the motor speed is increased with increments of 5% until the maximum
torque is reached. During these intervals the motor speed is constant and the current and voltage are
recorded for intervals of 90 seconds. These measurements are the main focus of this research project
and for the deduction of mechanical machine behaviour through ESA.

For means of comparison and validation, there are additional measurements taken next to the ESA
measurements and there is historical data made available. The includes the measurements and data
as explained below. Also, an overview of the available data is shown in Table 3.1.

For T1 and T6 there are additional mechanical vibration measurements taken on the NDS of the
IM during the same intervals of the ramp-up tests. This is done in three directions: radially in a
0 degree and a 90 degree orientation, as well as axially. These measurements are performed
in order to validate and compare the ESA measurements, especially focused on the early stage
NDS bearing wear. Contrary to the ESA measurements, these vibration measurements are only
sampled in intervals of 10 seconds.

For T3 and T6 there is historical data available from vibration sensors located at different positions
in the thruster assemblies. This data can also be used to validate and compare the machine health
through different measuring methods.

For T1 there are shaft torque measurements available taken at the same time as some ESA
measurements. These are used in order to validate and compare the shaft torque deduced from
the electrical measurements.

For T1 there is an additional set of current and voltage measurements available taken two months
in advance of all other measurements. These measurements might be used in order to check
the degradation of the machine and changing of its mechanical behaviour over a period of two
months.

For all three thrusters there is an extensive amount of current and voltage measurements taken
during DP operations of the ship, as this is the most common operational mode for the thrusters.
Therefore, it might be useful to try and analyse the ‘regular’ operations of the thrusters for their
mechanical behaviour instead of initiating a ramp-up test.

Thruster and damage =2 Thruster 1 Thruster 3 Thruster 6
Measurements W (No damage) (Thruster bearing) | (NDS bearing)

3 Phase current and voltage (40 — 100% speed) v v v
3 Phase current and voltage (on DP) v v v
3 Phase current and voltage (two months apart) v
Shaft torque (40 — 70% speed) v
NDS Vibration (40 — 100% speed) v v
Historical vibration data (7 sensors in thruster) v v

Table 3.1: Overview of all measurements



3.3. Measuring setup

In this section the measuring setup and approach is introduced for the ESA measurements, mechan-
ical vibration measurements and torque measurements. More detailed information on the individual
components used can be found in Appendix C.

Current and voltage measurements

The current and voltage of all three phases are measured between the Variable Frequency Drive (VFD)
and the IM. These measurements are sampled at 20kHz by a Data Acquisition (DAQ) system, which is
set up outside the VFD. An 8th order low pass pre-filter is used for these measurements. The voltage
is measured using High Voltage (HV) voltage probes mounted on the output bus bar of each phase
and grounded inside the VFD. The current is measured using zero-flux type current transducers, which
are each mounted on one of the cables connected to the output bus bars of the VFD. Each phase has
7 individual of these connection cables, which bundle up and connect the VFD to the IM. This means
that only 1/7th of the current is measured of each phase. The reasoning for this is purely practical: The
7 individual output cables of each phase don’t bundle up into the same cable. So, there is no single
cable that can be used to measure the entire current between the VFD and IM. To work around this,
the current measurements are multiplied by a factor of 7 later in the analysis. The assumption is made
that the differences in dampening and transducing of the individual cables are negligible.

Mechanical vibration measurements

The mechanical vibrations are measured using two different methods. Firstly, for the measurements on
the IM NDS bearing, a magnetically mounted accelerometer [14] in combination with a Fluke VIBXpert
Il'is used, which is a handheld vibration scanning DAQ [15]. These mechanical vibration measurements
are sampled at 8 kHz.

Secondly, there is a total of six additional vibration sensors mounted inside each thruster. These
are monitored by a 3rd party (Pruftechnik NV), that performs a monthly CM analysis for the thrusters
of the PS based on this vibrational data. The location of these sensors inside the thruster is shown in
C. Unfortunately, it was not possible to use these sensors in the same ramp-up intervals as both the
ESA and the handheld measurements, so only historical data of these sensors is available.

Shaft torque measurements

On T1 an additional sensor setup has been installed. This is a shaft torque and power measurement
system named MetaPower Quad [16], which is fabricated and installed by Kongsberg Maritime. This
device consists of two slotted discs mounted on two ends of the shaft. By detecting the passing of these
slots, two optical sensors can measure the speed and position of the two ends of the shaft. Out of these
measurements the shaft torque, speed and power can be calculated. Unfortunately, at the time it was
not possible to use this device simultaneously with the ESA measurements during the 70-100% motor
speed ramp up intervals. Therefore, the available measurements only reach up to 70% motor speed.
A 3D model of this sensor setup can be seen in Figure C.3.



3.4. Characteristic frequencies

In order to identify mechanical machine behaviour in ESA measurements, it is crucial to calculate the
characteristic machine frequencies in which vibrations might be generated and transduced throughout
the assembly. Firstly, this concerns the mechanically induced vibration frequencies, as these are the
frequencies that can directly identify mechanical behaviour. Secondly, it is practical to calculate and
identify the electrical frequencies, as by excluding vibrations that are definitely not mechanical, the
mechanical machine behaviour can be determined more accurately. More importantly however, some
electrical frequencies will serve as a carrier frequency on top of which mechanically induced frequen-
cies might be modulated.

In this section the most important mechanical and electrical frequencies, as well as their origin, are
presented. A complete overview of these frequencies in the thruster assemblies of the PS and their
order of the shaft speed, e.i. the scalar factor with which they are related to the shaft speed, are shown
in Appendix D.

3.4.1. Mechanical frequencies

Mechanical characteristic frequencies in rotating equipment are almost always determined by the mo-
tor shaft speed of a machine. Mechanical vibrations in these characteristic frequencies can always be
present in a system, i.e. a machine is not necessarily faulty when vibrations in these frequencies exist
in the machine. Only when the vibrations are abnormally, high a machine fault is the suspected cause.
In the case of a thruster assembly the most important mechanical characteristic frequencies are listed
below:

» Motor Shaft Frequency - The motor shaft speed or motor shaft frequency is the frequency at
which the motor shaft is rotating. Therefore, this is the same frequency as the mechanical rotation
frequency of the rotor. It will be denoted as f,,,.:,-- Usually, the motor shaft speed is considered
in RPM. However, in this research the motor shaft speed is considered in Hz, like all other fre-
qguencies. The method used to identify the motor shaft speed in the electrical spectra is explained
in Appendix D.

Propeller Shaft Frequency - This is the frequency at which the propeller shaft is rotating. It can
be deduced from the motor shaft speed by the following equation, in which i is the gear ratio
between the motor shaft and propeller shaft. In the thruster assemblies of the PS i = 62/13, as
can be seen in Table B.2.

fprop = fmotori (31)

» Blade Pass Frequency - This is the frequency at which a propeller blade passes by the base of
the thruster. It can be deduced from the propeller shaft frequency by the following equation, in
which n denotes the amount of blades on the propeller. In the case of the thruster assemblies of
the PS, n = 4, as can be seen in Table B.2.

fBPF = fpropn (32)

» Gear Mesh Frequency - This is the frequency at which the teeth of two gears mesh with each
other. In the case of the thruster assemblies of the PS, this would be the meshing of the teeth of
the pinion gear, which is connected to the motor shaft, and the crown wheel, which is connected
to the propeller shaft. The gear mesh frequency can be deduced from both the motor shaft speed
and the propeller shaft speed by the following equation, in which n is the number of teeth on the
pinion gear, and N is the number of teeth on the crown wheel. For the PS; n = 13 and N = 62,
as can be seen in Table B.2.

fGM = fmoto’r‘n = fpropN (33)



3.4.2. Bearing frequencies

Bearing frequencies are, similar to the previously mentioned frequencies, of a mechanical nature. How-
ever, as these frequencies all originate from a roller type bearing and have some specific characteristics,
they are discussed separately. Bearing frequencies are determined by the shaft speed and the geome-
try of the bearing. Usually, bearing frequencies will only be induced once a fault is present in a bearing
or it is nearing the end of its lifetime and is starting to show wear. Since, the surfaces of a healthy bear-
ing are so smooth that they won’t induce any noticeable mechanic vibrations. Assuming that the outer
raceway of the bearing is stationary, the four main characteristic frequencies of any roller type bearing
and their geometric deductions are listed below [17], in which f is the shaft speed at the location of the
bearing, n is the amount of rolling elements in a bearing and the remaining geometric parameters are
shown in Figure 3.2.
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Figure 3.2: Geometric parameters of a roller bearing [18]

Ball Pass Frequency Inner Raceway (BPFI) - This frequency is related to faults on the inner
raceway of a bearing. It can be interpreted as the frequency at which a rolling element passes
over a single specific point on the inner raceway of the bearing.

fBprr = f* g[l + %008(7)] (3.4)

Ball Pass Frequency Outer Raceway (BPFO) - This frequency is related to faults on the outer
raceway of a bearing. It can be interpreted as the frequency at which a rolling element passes
over a single specific point on the outer raceway of the bearing.

fipro = f+ 21— 2 cos(y) (35)

Ball Spin Frequency (BSF) - This is the frequency at which a single rolling element spins around
its own axis inside a bearing. Also, the second harmonic of this frequency is known as the Ring

Pass Frequency on Ball (RPFB), which depicts each time a single point on the surface of a rolling
element passes either the inner or outer raceway.

fipr = 1+ 211 = (Seos(1)) (36)

Fundamental Train Frequency (FTF) - This is the frequency at which the cage or train of a
bearing will spin around its own axis.

frre = [+ 5[1= Feos()] 67)
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3.4.3. Electrical frequencies

In an electrical powertrain, many different types of electrically induced oscillations might exist. The
frequencies at which these will occur can be related to the functioning of the VFD or motor, but can
also be caused by machine faults, such as stator winding insulation faults. For the mechanical analysis
presented in this research, the electrical frequencies that were analysed are listed below. However, it
should be noted that this is just a small selection of the electrical frequencies that can occur in an IM.

 Drive Frequency - The drive frequency is the frequency of the AC at which the IM is driven and
will be denoted as f;. In the case of a VFD driven IM, this means that this frequency will vary
depending on the speed of the machine. For the thruster assemblies of the PS this frequency will
vary between 0 and 50 Hz for rotor standstill and maximum rotor speed. As the drive frequency is
the frequency in which all electrical power is transferred to the machine, this frequency is always
the single most powerful frequency occurring in the electrical signature of a machine and many of
its harmonic frequencies will be present in the signature as well. Also, all identifiable mechanical
frequencies in the machine will be modulated on top of the drive frequency and will appear as
sidebands around the drive frequency. A further explanation of this can be found in the literature
review in Appendix H.

Switching Frequency - The switching frequency is an electrical frequency that originates in the
VFD and will therefore only occur in VFD driven IMs. A VFD works by means of Pulse Width
Modulation (PWM). This technique is used to excite an alternating current by creating short vary-
ing voltage pulses. The frequency at which these voltage pulses are created is a set frequency
for a specific machine and is usually in the range of multiple kHz for LV machines. For large MV
machines the switching frequency is often lower. The VFDs of the thruster assemblies of the PS
work with a switching frequency of 333.4 Hz for speeds of 0 up to 50% of the maximum motor
speed and a switching frequency of 666.9 Hz for speeds from 50% up to 100% of the maximum
motor speed.

» Ship AC Frequency - For VFD driven machines it is a possibility that the electrical signature
of the IM gets contaminated with the AC frequency of the power grid of the ship. In normal
circumstances this shouldn’t happen, since the IM is powered by the variable AC originating from
the VFD. However, the VFD itself is powered by the 60 Hz AC frequency of the ships power grid,
and thus the IM is indirectly powered by this as well. This means it is not uncommon that the 60
Hz line frequency of the ship can be visible in the electrical signature of the IMs.

+ Slip - In short, the slip can be considered as the difference in the actual rotating speed of the
rotor (and motor shaft) and the synchronous speed of the rotor. It can be calculated as a ratio
or percentage of the synchronous speed, or in Hz. The synchronous rotor speed is deduced
from the drive frequency and can be considered as the rotor speed in the case that the rotational
speeds of the magnetic fields of both the stator and rotor would exactly match. When an IM is
in a 'motoring’ operating condition, which means that the IM is used to drive a load, the actual
rotor speed will be lower than the synchronous speed and the slip will be between 0 and 1. The
equations for determining the slip as a fraction of synchronous speed are shown below, in which
ns denotes the synchronous rotor speed in Hz, f; denotes the drive frequency, n denotes the
actual rotor speed (equal to f,,.t0) in HZ, p is the number of poles of the IM and s denotes the
slip [19]. When analysing the slip in Hz, it is also referred to as slip speed and it is calculated as
shown in Equation 3.10.

ne = f1g (3.8)
p
g= 1 (3.9)
N
_p _
fs= §(ns —n)=sf (3.10)
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3.5. Information processing techniques

To be able to extract useful information out of the raw data obtained in the measurements, a variety of
information processing techniques is used. The most important of these techniques are shortly intro-
duced in this section.

3.5.1. FFT and frequency spectra

The Fast Fourier Transform (FFT) is one of the best known and most used algorithms in signal process-
ing. The FFT can be used to map a time-based signal into the frequency domain by means of a discrete
Fourier transform, which creates a frequency spectrum of the time-based signal. When identifying me-
chanical behaviour of rotating equipment, the frequency spectrum of a time-based vibration signal can
be used to establish the presence and magnitude of vibrations in the characteristic frequencies of a
mechanical assembly. With this purpose, the FFT is used in all types of measurements as described
in Section 3.2. Some further properties of an FFT are explained below.

Frequency range

The frequency range of the spectrum is determined by the sampling frequency (f;) of the time signal.
The highest frequency portrayed in a frequency spectrum is equal to f;/2, as stated by the Nyquist
theorem [20]. However, for the highest accuracy it is usually recommended to use an f, that is at least
10 times higher than the highest frequency of interest in a measurement. For the frequency spectrum
this means that the highest accuracy will be between 0 Hz and f,/10 Hz.

Furthermore, frequencies outside of the 0 - f,/2 range can also appear in the FFT due to aliasing.
This is an effect in which frequencies that are higher than the Nyquist frequency fold’ back over the
Nyquist frequency into the spectrum. For example, a frequency of 10001 Hz will now appear as 9999
Hz in a spectrum with a Nyquist frequency of 10 kHz. For a proper analysis it is critical to prevent
aliasing, as it will irreversibly contaminate the measurement. This can be done by using a pre-filter in
the form of a low-pass filter, which will filter out higher frequencies and prevents them from folding back
into the spectrum.

Complex and real spectra

It possible to distinguish between 'negative’ and ’positive’ frequencies when using an FFT for creating
a spectrum. When this 'directional’ information is critical for an analysis and needs to be retained, a
two-sided 'complex’ spectrum can be created, ranging from — f, /2 Hz to f./2 Hz. In this case, a distinc-
tion can be made between positive and negative frequencies. However, most commonly the choice is
made to create a real spectrum using the absolute value of the output of an FFT algorith, as is done in
this research and can be seen in Appendix E. This causes the negative frequencies to be folded over
the positive frequencies, which means that the negative and positive amplitudes of a frequency will add
up and show as a single frequency. This phenomenon is important to keep in mind when considering
the modulation of frequencies on a carrier frequency. For example, a hypothetical negative sideband
frequency of 60 Hz modulated on a 40 Hz carrier frequency, will appear at |40 — 60| = 20 Hz in a regular
spectrum.

Resolution

The resolution of the frequency spectrum is acquired by dividing the sampling frequency by the amount
of samples analysed in a measurement, as can be seen in the formula below. In practice this means
that the resolution is entirely determined by duration or length of a measurement.

o s
Jresolution N

samples

(3.11)
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An FFT will be most useful in the case of steady-state machine and vibrational behaviour. As long
as the vibrations in a machine remain constant during a measurement, a long sample time can be
taken, resulting in a high resolution. However, when the machine behaviour is transient and thus the
presence and magnitude of vibrations in certain frequencies change over time, the individual peaks
in a frequency spectrum will either disappear or start to overlap. In this case, no clear peaks can be
deduced [10]. Therefore, either a shorter time period should be analysed for the measurement, which
will cause a lower resolution, but a higher certainty in what point in time a frequency was present in the
spectrum. Or, another type of information processing technique should be adopted.

Window function

A final note on the use of an FFT is that the input signal is often multiplied by a window function before
applying the FFT algorithm. A window function is a mathematical function that is zero everywhere, ex-
cept around a chosen interval. Conceptually, this means that the FFT is calculated in data segments,
which produces a tapering effect for the resulting output. In practice this means that the spectrum cre-
ated out of the output will have narrower and better distinguishable peaks. In all FFT spectra used in
this research, a Hanning-type window function was implemented.

3.5.2. Extended Park Vector Approach

The Extended Park Vector Approach (EPVA) [8] is a technique in ESA that is especially useful in identi-
fying mechanical behaviour. The reason for this is that EPVA demodulates a 3-phase current or voltage
measurement around the drive frequency. This means that it takes information out of all three phase
measurements and creates a spectrum in which the 0 Hz component is now the drive frequency. All
sidebands of the drive frequency are now stacked on top of each other to appear in the spectrum at
their own original frequency. This makes mechanical characteristic frequencies often much easier to
identify than by analysing the spectrum obtained from an individual current or voltage measurement.

The first step in the EPVA is to transform the three phase current or voltage into a two dimensional
current or voltage. This transformation is called the Clarke transform or «50-transform. The formulas
used in this transform are shown below, in which iy, is and i1 represent the current measurements of
the three phases of the IM. Note that all equations containing currents presented in this section hold
true for voltages as well.

1 1
] L =2 72 ] [ig
is| =30 \/2 f\/g is (3.12)
io 101 1 ir
2 2 2

When the phases of an IM are balanced, iy will become 0 for the entire duration of the signal. This
means that the three-dimensional dataset is now reduced to two dimensio<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>