The
University
Of
Sheffield.

Multiphy sics Investigation of Direct
Drive Permanent Magnet Wind Power
Generators

Jaime Maravi-Nieto

Department of Electrical and Electronic Engineering (EEE)
TheElectricalMachines and Drives (EMD) Group

Sheffield Siemens GamedRenewablé€Energy (SGRE) Research
Centre

January 2020






Abstract

This thesisinvestigatesthe mechanical modelling and vibration prediction of permanent
magnet (PM) synchronous generattmsdirectdrive wind powerapplicationslIn particular,
three 3kW radiatflux PM synchronous generatonsith externalrotor topologies and
different statomwinding topologies are modelled and analysed, including intglge84slot

and 28pole (84s28p) generator, fractiorsdbt 48sslot and 52pole (48s52p) generator and
fractionatslot modular 4%lot and 32pole (42s32p) generator.

The mechanical modelign of the 84s28p generator is carried out by impact testing each
component individually as well as the full assembly to validate the material properties and the
element connection types employed in the finite element (FE) modelling. It is shown that the
identification of the nine stiffness parameters of the anisotropic behaviour of the laminated
stack can be reduced to simply two main parameters. Furthermore, it is shown that the
magnet blocks of the rotor assembly add stiffness to the rotor assemblyegidréhneed to

be included in the mechanical modelling. Once the mechanical model of the 84s28p generator
is validated, it iappliedto other machines with different slot and pole number combinations,
i.e. 48s52p and 42s32p generators, and good agredmewmten measured and simulated
results has been achieved.

The airgap forces of these three machines topologies are calculated by integrating the
Maxwell stress tensor from electromagnetic FE analysis. For the rotor forces, the integration
path is a linedcated in the middle of the airgap spanning one-pidtd, whereas for the
stator forces this spans a togtitch. It is shown that the harmonic content of the rotor forces
depends on the slot and pole number combination, whereas the harmonic orderstatioth
forces are multiples of two, regardless of the slot and pole number combination.

The vibration responses of different machine topologies are predicted through FE analysis
using the Ansys Workbendoftwarewith good agreement with the measuresutts. These
measured results are obtained usingxial accelerometers on the stator and data loggers on
the external rotor house. It is shown that the vibration behaviour ofsiaMhronous
generatorsdepends on the slot and pole number combination thatthe integerslot
machinesexhibit lower vibrationthan the fractionatslot machines. Finally, it is suggested
that for the 42s32p fractionalot modular generator, the width of the redundant teeth placed
between the stator segments needs to be eéquhkt of the effective teeth since this will
significantly improve the vibration performance.
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CHAPTER 1: GENERAL INTRODUCTION AND
LITERATURE REVIEW

1.1. INTRODUCTION

This thesisinvestigatesthe mechanical modelling and vibration predictionaofange of
permanent magnet (PM) synchronous generdtordirectdrive wind powerapplications,in
which the generatorsidrivendirectly by the blades of the wind turbine without the need of a
gearbox.Although a range ofienerator topologies can be utilisede scope of this thesis is
restricted to radiaflux PM synchronous generatorss®wnin Fig. 1.1.

[ WIND POWER TECHNOLOGY ]

Fixed-Speed Variable-Speed

v
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|
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Chapter 5

Force Analysis

Appendix | Chapter 6
Other vibration L .
methods Vibration Analysis

Fig. 1.1. Flowchart of thesisontents

A radialflux synchronous PM generataman be realised in four differemonfigurations
depending on how the rotor and the statoraranged The rotor can be either internal or



externalwhile the stator can be modular or royodularif it is formed by different segments

or not In this thesis, each of these fauachineconfigurations are studiedsing alternative
approachesin the case of internabtor machines witta modular stator, a comprehensive
study of the effect of grain oriented electrical steel (GOES) on the electromagnetic
performance ofthe machine isperformed The outcome of this study is two journal
publications. It should be notdfat this study is significantly different to the focus otth
main body of thisthesis which is focused onthe mechanical modelling and vibration
prediction of wind power generasifor this reasonthis work is separated from the main
body of the thesis and presentedAiRPENDIX D and APPENDIX E The study of the nen
modular internaftotor configuration is carried out through the literature review. This review
summarises the main contributions regarding the noise and vibration @nalydethe
mechanical modelling of this type of machine. It also showsth@atnajority ofresearchn

this area hagsoncentrated on thisype of machine and thahere have been little or no
investigatiors into the behaviour obther PM machine topologie3he literature review is
presented in sectiork.3 1.4 and 1.5 of Chapter 1. It should be noted that the literature
review hasalso been usedo obtain the mechanical properties of different materials from
several references ihe literature. These material properties are then used as a reference in
the mechanical modelling of different generator types carried out in Chapter 2, Chapter 3 and
Chapter 4. They are all organized andateli nAPPENDIX C

The study of nommodular externatotor PM machines igoncerned with thenechanical
modelling of an integerslot 84-slot and 28oole 84s28p) generatorand a fractionaslot
48s52p generatofhe study of modular externedtor PM machines isoveredby the
mechanical modelling a modular fractiorsdt 42s32p generator. The reason for modelling
these specific machines with these slot and pole number combinatidinsyisepresent
typical slotpole combinations that could be used in industrial machines and existing
prototypeswere available for test. The mechanical modelling of the integlt 84s28p
generator iscovered in detail inChaptes 2 and 3. The prototype of this generator is
disassemled into smaller assemblies s to ease the validation process. Each of these
smaller assembliess tested and validated individually before validating the full assembly.
Once the mechanical model of the 84s28p generator is validate@&xtendedo the other
48s52p and 42s32p generators in Chapter 4. This can be done as therohoege
generators have the same mechanical structure and have been masulifasing the same
supplier and processe¥har only difference is the slot and pole numbembination. It
should be noted that the validation process of these three generators implies carrying out a
mesh sensitivity analysis of the different FE models of the elements which form the structure.
These mesh sensitivity analyses are describ@PPENDIX B.

The mechanical vibrations of a generator are obtained by applying the electromagnetic forces
into the correspondingnechanical model. The mechanical modelshef84s28p, 48s52p and
42s32p generators are obtained in Chapter 2, Chapter 3 and Chapter 4 whereas the excitation
forces are calculated in Chapter 5. In this chapter, both the rotor and stator forces are obtained
through FE methodsn no-load and differat load conditiongnd alsccompared between the

three generator topologies. These forces are then applied to the respective mechanical model
in Chapter 6to predict the vibration response of each generator. The vibration calculation
process is validatedhtough vibration measurementdich are takermn both the stator and

rotor at different rotational speeds and load conditissiag acelerometersAPPENDIX A
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presentsalternative vibration measuring methods which are also considered. In particular,
vibration measurements with data loggers and laser viborometers are explained in detail.

The methodsutilised in this thesis combine both FE simulations and experimental
measurements. In terms of the FE simulations, several FE packages are used. In particular,
Ansys Electronics Desktop, Ansys Design Modeller and Ansys Mechanical are utilised.
Ansys Electonics Desktop is used to obtain the electromagnetic parameters of different
electrical machines as well as the airgap forces. Ansys Design Modeller is used to build the
3D models of the different generators needed in Ansys Mechanical. This latterrsoftwa
helped to carry out both moldand harmonic analyses of the different types of generators
considered. All of these three FE packages are combined in Ansys Workbench to carry out
several multiphysics analyses. These FE simulations have been used thrabghehole

thesis except for Chapter 1, Chapter 7 ARIPENDIX C

Several experimental measurements are done in this thesis. In particular, static impact tests
are carried out to mechanically validate the different subassemblies and assemblies of the
different generator prototypes. Several tests of this type can bens€bapter 2, Chapter 3

and Chapter 4. Furthermore, vibration measurements are also taken. litat@s
accelerometers, data loggers and laser viborometers are used. These measurements can be
found throughout Chapter 6 andPPENDIX A. Finally, Chapter 5 also indies some
experimental measurements on the electromagnetic performance of the 42s32p generator.
However, it should be noted that these measurements have beendodromm{1].

Part of he researchoutcome of this thesihas beensummarised in three different
publications. In particular, a conference publication on the mechanical modelling of the stator
and rotor assemblies of a 3kW exterrator PM generator has been acceptegresent at

IET PEMD 2020 conference. Apart fromightwo more journal publicationsshown in
APPENDIX D and APPENDIX E, were produced on the use of GOES in fractiesiat PM
modular machinesThus it is believedthat this thesis contributes in different ways to the
multiphysics analysis of PM machines used in the wind power sector. A more detailed
analysis of these contribahs can be seen in sectibr2

Tablel.1 Summary of the main characteristics of the thesis.

FE Measurement Publication Contribution

Chapter 1
Chapter2 X X X X
Chapter3 X X X
Chapter4 X X
Chapter5 X X* X
Chapter6 X X X
Chapter 7

Appendix A X X

AppendixB X

Appendix C

AppendixD X X X

Appendix E X X X

*Measurements argorrowed from[1].
1.2. CONTRIBUTIONS OF THE THESIS

The contributions of this thesis are divided into difeerentchaptersvheretheyappear.

17



Chapter 2

1 A simple methodto mechanically modeglectrical machiness proposedn this thesis
The method consists of breakidgwnthe machineinto all its componerg and testeach
of them mechanicallyo validate their material propertieShese components are then
assembledind tested in the full assemblhis proposedmethod isparticulaly suitable
for small research labs or companies which do noe b resources @fbig company
like in the case of2]. Big companies have the capacity to manufacture several units of
each component or of the full assembly.

1 It is proved that the identification of the nirgtiffness parametersvhich define the
anisotropic behaviour athe stator laminations can be reduced to identifying only two
parameter§Ex and G;). This is done by making several assumptions which are also
considered in literaturd=urthermoreijt is proved thathese two stiffness parametene
almostindependenfrom each otherThis is due to Ehaving a major influence on the
natural frequencies of radial mode shapéthe lamination staclwhereas G influences
mostly those of the axial mode shapes. Due to this, the values of these two parameters can
be obtaied by tuninghe measured natural frequencies of radial and axial modes shapes
Once this is done, the other stiffness parametersbtained from the values ofE&and
Gyx.. Furthermore, this thesis also contributgshighlighting thatE, does not have gn
significant influence on any aédial or axial mode shapes of tlanlination stack.

Chapter 3

1 The mechanical modelling of the rotor assembly done in this thesis also contributes to the
field as it is highlighted the magnet blocks of extemaabr elet¢rical machines contribute
to the stiffness of the assembly. This is proved by comparing the measured natural
frequencies with two FE models where one models the magnets as solid bodies and the
other as added masses. As the measured natural frequenaéstimabehaviour of the
first FE model, it is concluded the magnets add stiffness to the rotor house and cannot be
modelled as added masses.

Chapter 5

1 One of the contributions from Chapter 5 consists of proving that the rotor forces depend
on the slot and pole nhumber combination of the machine whereas the stator forces are
independent. This is due to the rotor forces having a periodicity equal to-itsitot
whereas the periodicity of the stator forces is equal to agitle. In the former case, this
leads to harmonic orders which are multiples of the ratio betweenutindersof slots
and poles whereas in the latter the harmonic orders are multigles oegardless of the
slot and pole number combination. These relationships of the rotor and stator forces with
the slot and pole number combination are also pravediytically

Chapter 6

1 The dependence of the vibration response of PM machines wistothend pole number
combination is another contribution of this theassothing similar has been previously
seenin literature. This dependence is due to the rotor fodeggendingon the slot and
pole number combination whereas the stator forcesndependent on the slot and pole
number combination.

18



9 Itis found thathe width of the redundant teeth of the stator in modular machines needs to
be equal to that of the effective teeth. In the prototyped 42s32p modular machine, the
width of these redundant teeth is lower so to mininiieeamplitude otorque ripple at
rated current. However, this thinner width increases significantly the periodicity of the
rotor forces and thus reduces the fundamental harmonic of these forces. This reduction of
fundamental harmonic increases the harmonic content of the ,faandstherefos,
deteriorates the vibration performance.

Appendix D and Appendix E

1 The publications presented APPENDIX D and APPENDIX Earealsocontributions of
this thesis. In these publicationssianple model to characterizbe behaviour ograin
oriented electrical steel appliéd PM fractionalslot modular machines proposedThis
model is based on the flux line distribution in a stator segment and consistsdofg
the stator segment in different isotropic segments where each one has a different BH
curve defined by the direction of the fllires

1 These publications also doibute by highlighting the importance of redesigning baek
iron when GOES is applied in the statfrPM fractionalslot modular machineg his is
due to theback ironbeing able toget easily saturated due to the low permeability of
GOES at 90 degrees from the rolling directidimis redesign of théback ironusually
implies an increase on its thickness.

1 Another contribution of these publications consists of proving the use of GOES in the
stabr of PM fractionaislot modular machines is beneficial for the electromagnetic
performance. This is due to the radial orientation of the aiflyepthat leads into an
increase of the flux linkage, the induced voltage and the average torque.

1.3. WIND POWER T ECHNOLOGY

wind energy is a type of renewable energy where the kinetic energy from the wind is
converted into electrical energy by the use of a wind turbine. The wind rotates the blades
which are attached to electrical generatarthe gearboxThe rotatimal speed is increased
through the gearbox and the electrical generator is responsible of converting mechanical
energy into electrical energy. The generated power is then converted with a power converter
into the characteristics needed by the grid. Thisgras then distributed to different loads.

The demand of wind energy is considerably high nowadays dteremewablenature This
high demand is shown by the fdhatit has become the fastest growing renewable source of
energy, growing at a pace bet@n 20% and 30% annually in the global mafBgt[4].

One of the main methods of getting electrical energy from the wind turbines in an efficient
way is by installing large wind farms either onshoreofishore. Offshore wind farms and

wind turbines for small applications are becoming more popular nowadays although these last
ones still might be an expensive solution in terms of cost per gensvatefb].

A standard wind turbine is formed by the following elements:

1 Blades the most common configuration is to have two or three bladteéeugh
several singldladed wind turbines have also been manufact[8pdlhe blades are
usually manufactured with a shape similar to that of an aircraft wing in order to
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improve the aerodynamic efficiency. In terms of the materials used, the most common
ones are @mposites, steel and aluminium.

1 Rotor hub: the rotor hub is the mechanical element which joints the blades into the
wind turbine. It rotates together with the blades.

1 Mechanical brake: the purpose of the mechanical brake is to decrease the speed of
theblades in the case of strong winds in order to prevent any part of the wind turbine
to get damaged.

1 Nacelle:the nacelle is the structure which covers and protects all the equipment in the
wind turbine including the generator, the gearbox, mechanické mad yaw drive.

They are usually made of composite materials sudib@Eglass

1 Yaw drive: the main task of the yaw drive is to rotate the nacelle around the axis of
the tower with the aim of orienting the blades perpendicular to the wind direction as
this improves the efficiency.

1 Gearbox the gearbox increases the rotational speed of the generator from that of the
blades which varies between-20rpm. Depending on the speed requirement of the
generator, the gearbox stage can be divided into severa. sthe gearbox is not
needed when the generation system is direct drive.

1 Electric generator. the electric generator is the main element in the wind turbine as
its role is to convert the mechanical energy into electrical energy. The generator
topology tobe utilised depends on the application.

1 Tower: mechanical structure that keeps the nacelle high where the wind is normally
stronger improving efficiency. It is usually made of steel or concrete.

1 Power Electronics electronic circuits able to change thelectrical power
characteristicsi . e . voltage, current, frequencyé
efficiency. These devices are usually placed after the generation stage in order to
increase the generated voltage into high voltage as it is neetheddistribution lines
as this also reduces the copper losses.

1 Grid: it collects the electrical power from the power electronic converter and
distributes it to different loads.

Fig. 1.2. Example of a SiemenGamesa Renewable Energy offshore wind turpthe
1.3.1.GENERATION SYSTEMS

The generation system to be utilised in a specific wind turbine is decided by the application.
This depends on several factors like the generator controllability, reactive power supplied to
the grid, synchronisation to the grid, grid perturbations, regpdunrsng load disconnections,

20



cost, maintenance, reliability, etc. However, it should be mentioned that some common
patterns are followed. AC generators are usually utilised in offshore megawatt wind turbines
whereas DC generators are commonly used in smaller application.

In the caseof offshore megawatt wind farms, the generation system has experienced
significant changes in the last few decades. Up until thedlddéethe most common system

was a standard fixespeed induction generator with a nustage gearbox. This was usually
utilised in wind turbines with power levels below 1.5 MW. Some years, ledeiablespeed

direct drive solutions using a douHigd induction generator or a permanent magnet
synchronous generator started to be used. The main advantage of this new prggtesed s

the suppression of gearbox which leads to a reduction in the mechanical losses as well as the
noise emitted. The elimination of the gearbox also brought some reductions on the
maintenance costs as this is one of the main elements in the windetuvith need of
maintenance. In recent years, a new type of generation system is being pri@o3éis

system consists of laybrid solution which combines the advantages of both the-Epeed

and variable speed generation systems. Due to this, it can be concluded that nowadays in the
wind power offshore sector, three main generation systems coexist i.esfiged, variable

speed and multibrid systerf, [9]1[12]. All of these three are explained below in detail.

1.3.1.1. FixedSpeed System

The fixedspeed generation system is basedrotating the generator at a constant speed,
usually at 1500 rpm for 50 Hz grids. A mestiage gearbox is placed between the generator
and rotor blades to increase the rotational speed of the genaraidaherefore, increase the
power produced as shown Fig. 1.3 where 3G stands for threstage gearbox and IG for
induction generatorAs this type of generation system uses higher speeds compared to the
other generation system, this solution is also called-siged solutiorj13]. It should be
mentioned that this generator system is nowadays the most utilised one a$ ®@2%vind

power generators installed in the world use this type of generation sdlidiprHowever,

the recent trend is to install direct drive PMSG dué¢htar better performance. This might
lead to a change on the most common generation system utilised in the near future.

Grid

3G

Fig. 1.3. Fixedspeed system generation sysiéin

The fixed frequency required by the grid theis fixedspeed solutionis obtained
mechanically through the pitch control of the blades by rotating these at a specific rotational
speed. This rotational speed is such that leads to the grid frequency after the gearbox and
generator stages. Contrary to this type of generatienfited frequency required by the grid

in variable speed systems is obtained through a power converter. The generator produces
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variable frequency waveforms which are transformed in the power converter to what the grid
requires.

The most common type of gerator used irthe fixedspeedgenerating solution is the
induction generator. This is due to the problems involved when connecting a synchronous
generator to the grid as high dynamic loads are produced. The connection of an induction
generator to the gtiis smootherand therefore, synchronous generators are no longer an
alternative in the fixegpeed generation solutig®y, [13].

The main advantages of using a fixgueed solution compared to the other types of
generation is that it is a very robust solution which does not need a power electronic
converer. This is due to the power produced by the generator being previously set to the
requirements of the grid. Moreover, the generator utilised in this generation systems is
usually smaller, cheaper and lighter compared to the ones used indiivectechlogy.

This is due to the higher rotational speed of the generator which allows producing the same
power by using a smaller electrical machibé].

However, he main disadvantage of utilising a fixegeed generation system is the stresses

on the turbine caused by the continuous change of the wind speed. These variations on the
wind speed create high mechanical stresses on the generator, the blades andadkeagear

the speed needs to be kept constant. These stressgsrasnead to mechanical failures and
fatigue problem$4]. Furthermore, the use of gearboxes also Brémgne more disadvantages

to the use of this generation system. They are considered one of the main contributors to the
mechanical losses and noise emitted in the generation process. Furthermore, gearboxes are
usually expensive to install and to maintgbj, [13], [15]. Due to all these drawbacks,
another generation system where the gearbox is not needed was proposed. This is the direct
drive solution or variabkspeedsolution

1.3.1.2.  Variable-Speed System

Variablespeed solution consists the generator directly connected to the blades without the
use of a gearbox as sketchedFig. 1.4, where G stands for generat@onsequentlythe
rotational speeds very low compared to the geared generation system. This low rotational
speed implies the use of larger generators compared to the fixed system so to produce the
same amount of power. The elimination of the gearbox brings several advantages wéich ha
made them gain popularity in recent years. The maintenanderesulting cosarereduced

due to the elimination of the gearbox. This is especially beneficial in the case of offshore
wind farms where the maintenance service is more complicated, time cogsammih
expensive thathatin onshore wind farmgL6].

The variablespeed solution, also called low speed solution, needs to convert the generated
power via a power electronic convertegfore going to the grid. This converter is usually
formed by a combination of rectifienverteranda DC link. Compared to the fixed speed
generation system, direct drive technology when used with PM generators is more beneficial
in terms of energy yidl reliability and maintenance. However, only around 20% of the wind
turbines installed in the world have direct drive technology. Accordirj@4l in 2004, his

20% of direct drive generator could be divided into 15% which use electrically excited
generators and the rest 5% which utilise permanent magnet generators.
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Fig. 1.4. Variablespeed system generationtgya [4].

There is not a clear agreement in which generator topology is the most suitable one when
using a direct drive generation technold8j; [17]. Theuse of an induction generator (IG) is

not beneficial due to the drastic drop on the efficiency when the pole pitch decreases. This is
needed due to the high number of poles required by the low speed generation. Due to this, it
is concluded i3] tha using a synchronous generator ibeiter option when using direct

drive technology. Howevef17] suggests that a squirrel cage IG is the most suitable topology
for variable speed generation system. That reference highlights that PMSG haewo

the increased reliability they were expected to havel therefore, IG could exhibit higher
reliabilities than both permanent magnet SG and electrically excited SG. Moreover, the
power fluctuations in the converter caused by torque variationsamiey mitigated when

using an IG. However, these fluctuations are unavoidable when using SG.

In the case a SG is selected as the generator topology, two main excitation systems can be
considered i.e. electrically excited (EE) SG or permanent magnet 585 Rre excited via

DC currents in the rotor producing rotating flux densities which induce currents in the stator.
The EE solution is usually cheaper compared to using PM due to the high prize of the
magnets. This is even more severe in the case of the tgenerators which require large
magnet blocks. However, the EE solution also has some drawbacks derived from the need of
supplying DC currents and the use of brushes. This makes the installation to be much more
complicated and less reliable comparedhe PM excitation syster@]. The PM solution,
however, has some advantages compared to the EE solution. Its power to weight ratio and
energy yield are higher and its weiglst lower. Furthermore, when the PM solution is
utilised, additional power supply for the excitation field is not required. This makes the
winding connections of the PM systems easier to install and to maihtginHowever, the

PM solution also presents some disadvantages like the difficulty of manufacturing the magnet
blocks which are usually large and with poonventional geometry. Apart from that, the
magnetslso present the disadvantage of bgintentiallydemagnetized at high temperature.

This temperatures catomally be reached in operatipi, [9].

Compared to the fixed speed solution, direct drive technology presents some advantages. In
terms of the connection to the grid, this is usually smoother when using direct drive
technology compared to fixespeed system. Furthermore, due to the elimination of the
gearbox in the direct drive solution, the noise and losses of the whole systegndieastly
reduced15]. One of the main drawbacks when installing a direct drive solution is the need of

a large and heavy generator. This is due to the rotonater needed to be larger in order to
produce the same amount of power with a lower speed. These larger and heavier generator
are more expensive to manufacture, transport and maifitain [14]. The direct drive
technology also requires of a fidtale power converter which are usually more expensive
and with higher losses compared to those used in-Bpeed technologi¢], [9], [13].
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1.3.1.3. Multibrid System

The use of variable speed technology becomes problematic with the constant demand of
larger power of the wind turbines. This is especially problematic in the case of large offshore
wind turbinesas this demand requires larger and more expensive generators. In order to avoid
this type of issue, the multibrid technology was proposed as a new generation strategy. This
combines the advantages of both the fispded and variablepeed solutions. Theerm
multibrid is formed by the combination of the wonasilti- as the systems is orientated for
multi-megawatts turbines, aricbrid coming from hybrid as it combines fixesppeed and
variablespeed technologidd], [18].

The multibrid solution is a variablgpeed system that permits some speed variations around
the synchronous speed. Theseiations are smaller than the ones of the direct drive solution
but larger than the fixedpeed solution. They are normally around + 30% of the synchronous
speed. This generation system is usually equipped with a sitagle gearbox which allows

the generator to be run faster than the direct drive solution and permits installing smaller
machines for a given output torque. The gear ratio is normally around 1:6 which makes the
generator run at around 1260 rpm. As variablspeed is permitted, a powereeironic
converter is also needed to transform the varifiblguency generated power into a constant
frequency{4]. A typical layout of this type othis generation system @resented in Fig. 1.5
where 1G and G stand for singdeage gearbox and generator respectively.

Grid
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As multibrid generation system is a mixture between fixed and variable speedssyxigdm

the advantages and disadvantages of both systems can be applied to this solution. In terms of
geneator size and cost, the generator is smaller and cheaper than the one used in variable
speed system but larger and more expensive than the one used in fixed speed. Similarly, the
power converter cost and losses are higher thasewhen using variable sgd system but
cheaper and with lower losses thhnsewhen using the fixed speed system. This is due to
only a partialscale converter is needed. In terms of gearbox cost and losses, a similar
conclusion can be drawn. These are lower than the-fipeddsolution but higher than the

direct drive technologj4], [10].

Fig. 1.5. Multibrid system(4].

Some comparative studigg], [10] showed that multibrid technology is nowadays considered
as the most suitable generation system for rmétgawatt offshore wind turbines from an
economical point of ww. A significant reduction in the overall cost is achieved by running
faster smaller and hence cheaper generators and due to the use of sstsigglgearbox
instead of a threstage one. Parti@cale power converters also contribute to reduce the cost
as they are cheaper than fatlale one§3], [18].
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1.3.2.GENERATORTOPOLOGIES

The use of PM generators has become the best solution to be installed in wind power offshore
wind turbines. This is due to the excellent characteristics of this type of generators in terms of
reliability and availabiliy which is mainly caused by the removal of the brugté§ [14].

Apart from that, PM machines also present several advantages compared to other machine
typessuch asigher energy yield, loar maintenangeas well as higher efficiency and power
density[19].

According to literaturdg3], [14], [20], three main PM generator topologies are utilised in
wind power applicationsi.e. radialflux permanent magnet (RFPM) machines, aRiat
permanent magnet (AFPM) machines and transviirgse permanent magnet (TFPM)
machines. Howver, the most common topology in direlrttve applications is RFPM
machineq14]. Furthermore[21] considers that the use of surface mounted PM on the rotor
of a RFPMmachineis the most suitable topology among the RFPM. AFRichinesare

only used in turbines with power levels below 1MW whereas THRa&thinesare barely
used due to the corgx electromagnetic design and manufacturing proideqs

1.3.2.1. Radial flux permanent magnet machines

Radial flux permanent magnet (RFPM) machines have their magnets disposed in such a way
that the flux lines are radially oriented. The flux from the magnets travels radially from the
rotor to the stator and through the airgap as shovAmginl.6.

Fig. 1.6. Examples of RFPM. (a) 12s/10p SPM intearabr maching22]; (b) 12s/10p SPMexternairotor
maching23] and (c) fluxswitching machine with magnets in the st4fs#].

Depending on the location of the magnets, RFR&thinescan be classified to surface
mounted PM (SPM) or terior PM (IPM). The magnets in SPM machines are placed on the
rotor surface whereas the magnet blocks in IPM machines are placed inside one of the main
structures of the machine. This is usually the rotor although the magnets can also be placed in
the stéor as in the case of flux switching machines.

IPM machinesare usually more populdhan SPM machines. This is due to IPM machines
being able to produce higher torque due to the saliency torque component. Apart from that,
IPM machines usually requirese magnet material compared to SPM which makes them
cheaper to manufacture due to the high price of theeantd materials used to manufacture

the magnets. Furthermore, the demagnetization withstand capability is usually larger in IPM
compared to SPM dut® the magnets being protected by the structure they are inserted in.
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This is an important consideration when working under-fi@akening operatiof25]. IPM
machines also offer more magnetization possibilities due to theatsageing placed into the
rotor as can be seen kig. 1.7 [5]. However, recently it was shown that due to relatively
large airgap and high pole number, the contribution of reluctance torque in IPM machines
may be limited26].

Q0O

(a) (b) (d)

Fig. 1.7. PM configurations in RFPMnachines (a) SPM, (b) IPM, (c) ¥shaped IPM, (d) IPM tangentially
magnetized and (e) IPM radially magnetifgt

Recently, among the RFPM machines, a new topology has emerged which is particularly
suitable for large direeatlrive wind power generators. These are called modular machines
where the stator is modularized by cutting it in different segments as illusimaftagl 1.8.

The modularization of the stator eases the manufacturing and transportation processes of the
machine as this is done in each segment separately. Thewmiagtretic performance is not
severely affected by the modularization as the stator segments are joined in the final
assembly.

B+ B-

(b)
Fig. 1.8. Examples of RFPM modular machines with different alod pole number combinatian(a) 24slot
22-pole[27] (b) 12slot 1Gpole[28] and (c) 42slot 32pole[1].

From an electromagnetic point of view, the main characteristic of modular machines is that
each coil is wound only around alternate teeth in the stator. This leads to a magnetic, thermal
and physical isolation of the windings for the three phases whiciifisaqtly increases the

fault tolerance capability. Furthermore, this also facilitates the manufacturing process and
leads to a high packing factor. The use of a modular stator winding yields a fractional number
of slots per pole. This increases the leasnhmon multiple (LCM) of the machine with the
consequent reduction on cogging torque which benefits the vibrational performance of the
machine. However, the high order stator MMF harmonics create undesired sffebtas
localised saturation, higher eddurrent losses in the magnets and potential acoustic noise
and vibration19], [27], [29].
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1.3.2.2.  Axial flux permanent magnet machines

Contrary to the case of RFPMhachines the flux lines in axiaflux permanent magnet
(AFPM) machines are axially oriented as it is presentdtignl.9. This variation on the flux
direction brings some changes in the machine desigwedl. In particular, the orientation of

the stator laminations changes compared to RRfRdhinesIn the case of RFPIVhachines

the stator laminations are arranged in the axial direction whereas in the case of AFPM
machines, these are radially orient&tis latter configuration is similar to a structure formed

by several concentric rings. In both cases, the laminated structure has the purpose of reducing
the eddy currents in the stator. Furthermore, the geometry of the machine is also modified
due to theifferent direction of the main flux. The geometry of an AFPM machine is usually
similar to a disk with a big radius and a short length. This geometry makes them more
compact than RFPNMhachinesand potentially with higher torque and power density. Due to
these characteristics, they are very suitable for low speed direct drive applicatioribe

case of wind pow€20], [30]i [33].

Fig. 1.9. Flux density lines in a singletor doublestator AFPM machin{g1].

Similarly to RFPMmachines AFPM machines also present different topologies. According
to [3], [20], [34], the main ones are singletor singlestator (SRSS), singletor double
stator (SRDS) and doubtetor singlestator (DRSS). The configurations of these three
topologies are presentedhirg. 1.10.

Stator core
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@) (b)
Fig. 1.10. Different AFPM topologies. (a) Singtetor singlestator[34]; (b) singlerotor doublestator[34] and
(c) doublerotor singlestator[32].
The singlerotor singlestator (SRSS) topologis formed by one rotor and one stator. The
geometry of both structures is similar to a disk. Due to the large attractive force between both
structures, an axial bearing is usually utilised to avoid both stesgto contact each other.
The singlerotor doublestator (SRDS) topology is formed by one rotor and two stator
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structures where the rotor disk is placed between the two stators. Due to this configuration,
the forces between the rotor and each of th@isthsks are compensated by each other. This
topology is commonly called as the fApancake
doublerotor singlestator (DRSS) topology is formed by one stator structure which is placed
between two rotor disks. Thitopology has several advantages compared to the-satgte
doublestator topology such as being less noisy and having good thermal characteristics. This

is due to both rotors being able to work as natural fans improving the cooling of the windings

[4], [15], [35]. A different version of this topology consists of having a slotless stator where

the winding are wound around the stator in a toroidal way. This is why this type of machine

is sometimes called Torus machine.

AFPM machines present some advantages and disadvantages compared to RFPM machines.
In terms of the advantages, AFPM machines present &mtghque density due to these

being more compact than RFPM machines. This compact structure reduces the volume of the
machine and therefore, increases the torque and power dengliept], [14], [30], [36]
Furthermore, th@oise and vibration emitted by an AFPM machine are generally lower than
those ofRFPM machines[4], [14]. Their winding distribution is also simpler thamat in
RFPMmachined4], [14] and according t¢14] their cogging torque is usually lower.

However, some of the main disadvantages that this type of madmavescompared to
RFPM machines are that their torque to mass ratio is normally higher. This is due to the size
of an AFPM machineusually being bigger for the same power rating compared to RFPM
machinesThis larger size also makes AFPM machines to be expensive to manufacture.
Furthermore, the large size also leads to having a larger airgap diameter which is more
difficult to control compared to the case of RFPM]. Finally, it should be noted that due to

the specific geometry, the slots in the stator of an AFPM machine are usually more
complicated to manufacture th#rosein RFPM macines.

1.3.2.3.  Transverse flux permanent magnet machines

Transversdlux permanent magnet (TFPM) machines present a significantly different
geometry compared to RFPM and AFRNachines Their stator is transversely orientated
while the rotor is radially orientatesimilarly to a RFPM machine. Due to this, the stator core
needs to be formed by several modules as it is showdiginl.11. In order to create the
transverse flux path, the windings are usually ring windings which go circumferentially
through all the stator modules. This way of placing the windings brings some benefits as the
number of poles and the space used for the windings become independentcinonthea.

This leads to the electric loading being independent from the current density which allows
increasing the VA rating of the machine by increasing the number of[3@les
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Magnetic flux

(a) (b)
Fig. 1.11 Singlesided surface mounted TFPM machine. (a) One pold4jaand (b) full maching37].

Depending on the stator and rotor relative position and rotor magnet magnetization direction,
different TFPM machine topologies can be utilised. As can be seig.id.12, the TFPM
machinescan be either singlsided or doublesided. Furthermore, if the magnets are
magnetized perpendicularly to the airgap the TFPM machine is of the sorfaceed type
whereas if thenagnetization direction is parallel to the airgap this is of thedtncentrating

type. This leads to have four possible TFPM machine topologies. The duddtetopology

has a larger utilization of the magnets compared to the sadgel although theingleside

type is easier to manufactufd], [14], [21], [37]. Furthermore, the flux concentrating
topology presents higher power factor compared to the surface mountg@#j/p€he flux
concentrating topology also presents a higher flux density in the airgap which leads to having
a larger torque density compared to the surfacented typg21], [37].
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Fig. 1.12 U-core TFPM machine topologiega) Singlesided surfacenounted; (b) singlsided flux
concentrating; (c) doublsided surface mounted and (d) dousided fluxconcentrating37].

The main advantage of using TFPM ma&sincompared to other machines types is that
TFPM can offer a high torque density. This is especially significant compared to induction
motors [4], [14], [21], [31] Furthermore, the copper losses in TFRWachinesare
considerably lower compared to the other types of machiresr windingis simpler due @

using ring windingg4], [14], [21], [37]

However, one oftlte main drawbacks of using TFPM machines is their low power factor.
This is defined as the ratio between the armature reaction voltage and tHeMiacloltage

as it expressed i(lL.1) wherelg is the current in the-gxis, X is the synchronous reactance
andV is thephasevoltage[37]. This low power factor is caused by several faciackiding

the leakaganductance which leads to a large synchronous reagtandetherefore, a low
power factor. Furthermore, this can also be caused by the incomplete utilization of the flux of
the magnets which leads to a low bd&idF. This is mainly caused by the flux ohaagnet
partially cancelling out the flux of the adjacent magnet b[8@H.
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Another significant drawback for utilising TFPNhachinesis due to their complex
electromagnetic design. This complicates the manufacturing process as well as increases the
cost [4], [14]. This larger manufacturingcost is reflected in Fig. 1.13 where the
manufacturing costs between one RFRiMchineand four TFPM machines are compared.
This figure also shows that the cost of the copper needed for the windings is significantly

reduced compared to the case of a RFRathine
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Fig. 1.13. Manufacturing cost comparison between a RFRathineand four different TFPMnachineg21].

1.4. NOISE AND VIBRATION IN PM MACHINES

1.4.1.INTRODUCTION

Vibrations are temporal movements of sopaeticles of an elastic body due to an external
exciting force. These movements are distributed along the elastic body and their associated
mechanical energy is transformed into acoustic energy which flows around the surrounding
air producing the final sod. If that sound is not pleasant it is called n§88}. As electrical
machines are also elastic bodies, they also experience vibrations and therefore can produce
noise[39].

According to literature, the classification of the different vibrations sources in electrical
machines is very cleafl6], [38], [40]i[45]. These sources can be divided into
electromagnetic, mechanicaldaaerodynamic sources. Each category also presents different
subdivisions into different sources. However, among all of the sources, it is concluded in
[40], [42] that the main sources of vibrations in electrical machines are the radial magnetic
forces and the torque ripple. These forces are due to the interaction of the flux densities of the
rotor and the stator in the airgap.

1.4.2 . ELECTROMAGNETIC SOURCES

1.4.2.1. Cogging Torque

Cogging torque is caused by the tendency of the magnets to align themselves to stable
positions along the airgap where the reluctance is minimum. It is responsible of creating
variatons in the torque wavefornand therefore, to produce vibrations in the macfg,

[46]i [48]. Furthermore, cogging torque does not contribute to the average torghe of t
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machine as it only causes variations in the torque waveform. These variations are especially
critical at low rotational speeds and low loads. Due to this, a major goal when designing a
PM machine is to reduce the amplitude of cogging tofg&k [49].

Cogging torque can be calculated both analytically and through FE analysis. One of the main
advantags of the analytical methods is that it shows the sources of cogging torque. A
common expression to calculate cogging torqué.B,

QY
0
where l ¢4 is the airgap flux caused by the PR, is the airgap reluctance anflis the

circumferential angular position. As can be seen, this expression clearly shows that cogging
is caused by the interaction of the PM flux and the airgap reluctance in the circumferential

direction[46]. Cogging torque can also be calculated through other analytical models such as
the energy method, subdomain model, permeance model or lateral forceg5@hdel

v P
Y c B (1.2

The FE method to calculate cogging torque is usually more accurate than thécanalyt
procedures. However, this numerical approach does not show the sources of cogging torque.
For an accurate calculation of cogging torque through FE analysis, a significant dense mesh
needs to be utilised. Furthermore, the computation of the cogging teaveform is usually
calculated more accurately if the machine is rotated at low speed in the simulation and a
suitable number of steps is selected. This adequate number of steps needs to be chosen
depending on the cogging torque periodi¢itg], [49], [50].

Cogging torque is a periodic variable as the airgap reluctanegitle. These variations in

the airgap reluctance are caused by the slots of the machine. Due to this periodicity, cogging
torque can be expressed as a Fourier series. This usually takes the form pres@ndd in
where T« are the Fourier coefficientd,CM is the least common multiple between the
number of slotsNs) and the number of poleBl{), k is an integer number ambiis the angular
position ofthe rotor[46].

Y Y OE0 6 0 Q— (1.3)

As can be seen if1.3), cogging torque only presents harmonics which are equal to multiples
of the LCM of the machine. Furthermore, the fundamental of these harmonics is equal to the
LCM which leads to conclude that one mechanical period, cogging torque presents LCM
periods [16], [46], [48], [49], [51] Due to this relationship between one mechanical
revolution and the LCM of the machine, the periodicity of cogging torque can be expressed
as(1.4).

22 (1.4)

DO
It should be noted that this periodicity is expressed in mechanical defadds1.2 presents
several examples of different motors with different slot and pole number combination and
different cogging torque periods. As an example, the cogging torque waveforiesfiat

10-pole (12s10p is plotted over one mechanical periodrig. 1.14. Due to the LCM of the
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machine being 60, the cogging torque periodicity is equal to 6 mechanical debrelesan
also be expressed as 30 electrical degrees.

Tablel1.2. LCM and cogging torque characteristics of different PM md&®b

30

Np Ns LCM Period (Mech. Deg.) Period (Elec. Deg.)
4 6 12 30 60
8 48 48 7.5 30
10 12 60 6 30
14 12 84 4.286 30
60 72 360 1 30
64 72 576 0.625 20
64 60 960 0.375 12
64 66 2112 0.170 5.45
62 63 3906 0.092 2.86
Rotor Position (Elect. Deg.)
5 20 25
80 1 1 1 1 1
— 601 .
£ 1w N
% 204
3 0 = Ac —
S -20
-40 . e
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Fig. 1.14. Cogging torque waveform of a 12s10p machine over one mechanical period.

Rotor Position (Mech. Deg.)

Apart from determining the periodicity of cogging torque, the LCM ofrtiaehine also has

great influence on the amplitude on the cogging torque waveform. It is concludi®gl,in

[29], [52], [53]that the higher the LCM, the lower the cogging torque amplitude. Due to this,

it can be concluded that a suitable selection of the slot and pole number combination where
the LCM is highis a very simple and effective method to reduce cogging torque in PM

machines.

Due to the strong influence of the slot and pole number combination on the cogging torque, it
can be concluded that integgot and fractionaklot machines behave differentlegarding

this parameter. A comparative study of this is carried oyd®yw h e r e

a

Agoodness

is introduced to characterizenh compare the cogging torque characteristics of different
machine topologies. The expression of this factor, which is name¢d @&seXpressed ifl.5)

0 0

060

(1.5)

whereN;, is the number of poles of the machiiNgthe number of slots arldCM is the least

common multiple. The larger ther@&ctor, the larger the cogging torque.

This study[49] compares different machine topologies which are classified in fractstotal
with g=1.5 and integeslot with gq=3. From that analysis it is concluded that for the same
number of poles, the cogging torque amplitude in fractigiwil machines with g=1.5s1
around half of the correspondent integt machine with q=3. This is derived from the
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Agoodness f act ostottype deingt halfeof tiieroaecof theoimegdt type.
Several examples of this for different machine topologies are presEaibél. 3.

Table1.3. G factor for typical brushless DC motdé9].

Fractional-slot (g=1.5) Integer-slot (q=3)
Np Ns LCM C; Np Ns LCM Gy
2 3 6 1 2 6 6 2
4 6 12 2 4 12 12 4
6 9 18 3 6 18 18 6
8 12 24 4 8 24 24 8
10 15 30 5 10 30 30 10
12 18 36 6 12 36 36 12

1.4.2.2. Radial Force

Electromagnetic forces are created in the airgap of an electrical machine due to the
interaction of the magnetic flux coming from the rotor magnets and the flux from the stator
windings. These forces produced in the airgap have both radial and tangential components.
The tangential component is responsible for creating torque whereas the radial component
attracts the stator and the rotor. This attractive force excites both tbe ata the rotor
causing undesired vibrationd 6], [41], [54]i[56]. The radial forces in the airgap are
considered by several authdds], [40], [52], [57], [58] as the most significant source of
vibrations in electrical machines. Unfortunately, this main source of vibration cannot be
totally removed as it is caused by the interaction efftlixes in the airgap which are also
needed for the torque production. Therefore, these radial forces can only be reduced or
controlled[38], [57]. Furthermore, it should be notduhat this issue has been aggravated in

the last decades as a consequence of using magnets made of rare earth materials which have
better magnetic properties than ferrite magnets and thus produce larger radigb®@jrces

The radial forces in the airgap can be calculated both analytically and through FE analysis
[16], [38], [52], [60], [61] For the analytical method, the Maxwell stress tensor is normally
utilised to @lculate the radial force density. This is based on the ré#lia) and tangential

(Btan) components of the flux density in the airgap. It should be noted that the Maxwell stress
tensor also allows to calculate the tangential component of the airgas.fditee analytical
expressions of the Maxwell stress tensor are expresgédjrand(1.7)

o J— - (1.6)

o J— (17)

wherel is the permeability of air. However, the use of these equations is limited to simple
machine geometries like the case of rectangular magnets in SPM machines. In the case the
magnets are shaped or imbedded in the rotor, the FE method gives more acsuiltafé2

The calculation of the radial forces through the analytical mettaod ke significantly
simplified if the tangential component of the flux dengBy,) is neglected. This can be in
some cases assumed as its contribution to the total radial force is considerably lower
compared to the radial component of the flux den®ty). However, this is only true when

the slot opening is small. In the case the slot opening is relatively large, the tangential
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component of the flux densit{Bwn) increasesand therefore, its contribution to the radial
force cannot be neglect§di], [52], [63].

Due to its dependency with the flux in the airgap, the radial force density also varies with
both the time and the spatial location. Mathematically, this double dependency can be
expressed as indicated(ih8)

M h— Q5 AT®O— 7 o (1.8)

wherefagmax IS the amplitude of the radial force density,is the spatial harmonid the
angular positiorof the rotor k is the time harmonicy the angulaelectrical speedndt the
time [41], [61].

This double dependency with time and spatial location allcovssideringthe radial force
density as a spatial wawet in the airgap which varies its position with time. This means
the radial force density rotates. Accordind4a], its rotational direction is opposite to that of

the rotor. Furthermore, the rotational speed of the force density waveform is higher than the
rotor speed and this depends on the slot and pole number combination of the fddghine

The radial force spatial distribution along the airgap can produce zero net radial force. This is
due to each vector being cancelled by its opposite oné di8fted apa. However, this
cancellation is only achieved when a suitable slot and pole number combination in the
machine is selected. Mathematically, the net radial force is zero if the condition expressed in
(1.9) is fulfilled where the GCD is the greatest common divisor between the number of poles
N, and the number of slotss. If the condition in(1.9) is not fulfilled, the force vectors along

the airgap are not cancelled out and the machines therefore suffer from unbalanced magnetic
force. From expressiofi.9)

06 0 p (1.9)

it can be concluded that every machine with an even number of slots presents zero net radial
force along the airgap as the GCD is at least 2. This is due to the number of poles always
being an even number. However, if the number of slots is an odd nutiearondition is

only fulfilled for certain slot and pole number combinations. A 15s/4p machine experiences
net radial force as its GCD is equal to 1 whereas a 21s/6p has zero net radial force due to its
GCD being equal to B4]. Fig. 1.15 compares the radial force density spatial distribution of

two machine topologies where the 12s/8p presents zero net radial force due to having a GCD
of 4 whereas the 9s8p suffers from unbalanced magnetic force due to having a GCD equal to
1.
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Fig. 1.15. Radial force distribution in the airgap and harmonic content of two different machines. (a) 12s8p and
(b) 9s8p[65].

As any periodical waveform, the radial force density presents sevelt#l dpgrmonics.
According to[16], [41], [52], [53], [61] the lowest spatial harmonic of the radial force
density is equal to the GCD of the machine. Furthermore, this lowest spatial harmonic is
consideredo bethe dominant one and the one which produbefargest deformations the

stator core. This is due to the deformation being inversely proportional to the spatial
harmonic order as can be seei(liri0) and(1.11):

+ A
+ A
—_— 111
O w5 CER)

where Y is the amplitude of the static deformatidfy is a coefficient derived from the
geometry and structural properties of the statorfanig the amplitude of then mode of the

radial force density16], [52], [61]. It should be noted th4f.10) cannot be utilised for an
accurate calculation of the deformations caused byatialrforce. However, it can be used

for a rough estimation and a first comparison between different machine topologies. For an
accurate calculation of deformations caused by the radial forces FE simulations should be
used insteaflL6].

The above mentioned leads to conclude that the GCD plays an important role in the
vibrational behaviour of the machine. This is do¢he dominant vibration order being equal

to the GCD. This dominant vibration order is the one which produbeslargest
deformations on the stator core. Apart from this, it can also be concluded that the higher the
GCD of the machine, the better from aroastic point of view as the deformations caused by
the radial force are lower. A higher GCD also implies more radial symmetry in the machine
and good force balance within the airdp].
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Due to the dependency of the GCD on the dominant vibration mode of the machine, it can be
concluded that slot and pole number combination has a large effect on the vibrational
behaviour of the machine. This also means that intgigérand fractionatlot machines
behave differently due to having different slot and pole number combinaiiahde 1.4

shows the different dominant vibration modes of different machines. Due to their geometry,
integerslot machines with 3 slots per pole always have a GCD equag tauthhber of poles

(2p). Furthermore, modular fractiorsibt machines with g=1.5 will have a GCD equal to the
number of pole pairs (p). In the case of fractiesiat machines where the number of slots
and poles differ by two, the GCD is equal to two. Agalusly, in machines where the
number of slots and poles differ by one, the GCD is equal to one. As a general rule, it can be,
therefore, said that integsfot machines behave better than fractiesdal machines from a
vibrational point of view due to king a larger GCD. This is due to the deformations caused
by the radial force being lower. Furthermore, within fractiesiat machines, those where the
number of slots and poles differ by 2 will behave better compared to those where the
difference is 1.1 the latter case, this is also due to the presence of unbalance magnetic force.

Tablel1.4. GCD values and dominant vibration modes due to the radial forces of different types of machines

[41], [52].
Type of Dominant Deformations
mZ\ghine vibration mode GCD due to radial force Examples
Integerslot g=3 2p 2p Low 12s6p / 24s8p / 84528
Fractionaislot g=1.5 p p Medium 9s6p / 12s8p / 15s10¢
Fractionalslot (Ng2p)=+2 2 2 Medium 12s10p / 12s14p
Fractionaislot (Ng2p)=t1 1 1 High 9s8p / 9s10p

1.4.2.3. Torque Ripple

Torque ripple is defined as variationstime output torque. These variations are caused by
factors derived from the machine design and from the drive system. Among these various
sources of torque ripple, cogging torque, the Habk harmonics and the harmonics
induced in the current by the inter are the most dominant or@$], [38], [40], [49], [53],

[64], [66]. Apart from these, some other factors such as rotor eccentricity, differences in
magnetization in the magnets or sation of the magnetic circuit can also contribute to vary
the output torqués3].
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Fig. 1.16. Rated torque waveform of a 12s10p machine over one electrical period.

The rotational speed of the machine plays a significant role on the torque ripple. In general,
torque ripple is reduced when the rotational speed is higher. This is due to rotor inertia being
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larger at higher speeds and therefore the cogging torque sffectmpensated in a larger
extent. Cogging torque is sometimes considered as the largest contributor to torque ripple
[67].

In some applications, the reduction of torque ripple is of significant importance. In the case of
manufacturing tools driven by an electric motor, the reduction of torque ripple becomes a
major design goal. This is due to the quality of sheface manufactured entirely depending

on the torque being constdao], [53], [66].

1.4.2.4. Magnetostriction

Magnetostriction is a property éérromagnetic materials which causes their dimensions to
change when they are exposed to variable magnetization fields. These changes in the material
dimensions are periodical and with the same frequency of the magnetization vaf&&ipns

[40] as can be seen Ig. 1.17. These variations on the geometry induce vibrations in the
electrical machine. However, the effect of these vibrations are significantly lower compared
to those induced by the radial forces in the airgap. Furthermore, in the case of machines with
high numbe of poles, vibrations due to magnetostriction can be completely neglected.
However, if the number of poles is lower than four, these effects need to be congl@gred

[60].
/\\/ t (a)

B(t)

A(t)

(b)

Fig. 1.17. (a) Flux densityariation. (b) Magnetostriction coefficient variation due to the flux defi3&}

1.4.3.MECHANICAL SOURCES

1.4.3.1. Eccentricity

Eccentricity in electrical machines is the displacement of the rotor centre respectively to the
stator centre. It is normally classified into static eccenyriaitd dynamic eccentricitjp0],
[68]i[70]. In the case of static eccentricity, the rotor rotates around its geometrical centre
whereas in dynamic eccentricity the rotor rotates around the stator centre. The relative
position between the stator and the rotor centres is fixed in static eccentt@igver, when
suffering from dynamic eccentricity, the rotor geometrical centre also rotates around the
stator centre. The speed of the rotor centre in this latter case is normally called whirling
speed. How the rotor rotates in these two types of eicigntan be seen ikig. 1.18.
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Fig. 1.18. Different types of eccentricity. (a) Static eccentricity anddgmamic eccentricit{s50].

Due to the unbalance rotation of the rotor, the airgap length of the machine varies around the
circumferential direction. The point where the airgap length is minimum is normally named
as the direction of eccentricitj70]. Furthermore, in order to quantify tremount of
eccentricity in an electrical machine, the ratio of the distance between the rotor and stator
centres §) and nominal airgap lengtix)(is utilised. This can be seen(ih12). It should be

noted that it is normally expressed as a percentage of the nominal airgagd #@hgth

8 (112

W

Eccentricity in electrical machines can be caused by severaldatte mechanical load can
have a significant effect especially when this is unbalanced or when this heavily vibrates due
to the resonance. Furthermore, eccentricity can also be due tshadis In this particular
case, this is quite common when the machine has been used for a longajmg2].
Manufacturing errors can also cause eccentricity in the machine. This is especially
problematic if the rotor outside diameter or the stator inner diansatet well manufaaired

[73]. Errors inthe manufacturing tolerances of the bearing dimensions are also a significant
source of eccentricity69], [71]. Apart from these mechanicaburces, the radial force
distribution in the airgap can also be identified as a significant source of eccentricity in
electrical machines. This is due to the radial force along the airgap being able to get
unbalanced causing larger force in a specifieaion and therefore, eccentricity. This radial
force unbalance only happens for specific combinations of slot and pole number. In
particular, it occurs if the condition presentedliri3) is not fulfilled

06 0 p (1.13)
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where GCD is the greatest common divisor between the number of slots and the number of
poles. This is due to the lack of symmetry in the machine when the G[BRE1

Fig. 1.19. Schematic of rotor eccentricif§9].

The airgap length variation due to rotor eccentricity can be analytically expressed by
multiplying the nominal airgap fgth by an eccentricity factor. This expression can be seen

in (1.14), wherex is the nominal airgap lengthlis the eccentricity ratiaf is the rotorangular
position andi is the position of the rotor centre with respect to the stator centre. All of these
parameters are also representedFig. 1.19 [69]. Once the airgap length variation is
calculated through analytical methods, the rest of the electromagnetic parameters can be
calculated analogously. In the case of the radial component of the flux density, this can be
calculatedas indicated in(1.15). The radial component of the flux in the case of no
eccentricity(Brag) Nneeds to be multiplied by the same eccentricity fadgpfeo], [74], [75]

o FQ wp -ATO - (1.14)

~

6 4+ 6 Q 6 p -AlO 3 (1.15)

The use of analytical methods is a very common procedure when analysing machines with
rotor eccentricity. This is because they produce accurate and quick results of the
electromagnetic performance compared to the wistmguFE analysis. This is because the
use of FE methods imply the analysis of full models as the rotor movement over one
mechanical period needs to be simulated. This type of simulasiaissially computationally
expensivg76]. Furthermore, as can be seerfFig. 1.20, the use of analytical methods also
provides good agreement with the results obtained through FE methods. This makes them a
very useful choice especially in the initial design stage.
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Fig. 1.20. Numerical to analytical method comparison of calculating electromagnetic parameters in the airgap of
a 9s8p machine with 10% of static eccentricity. (a) Flux density in the airgap and (@noebadagnetic force
[69].
Rotor eccentricity considerably affects the radial forces in the airgap as it causes the variation
of the airgap length. In this case, the radial forces increase in the narrow eétherairgap
and decrease on the wider section of the airgap. This creates and unbalance on the rotation of
the rotor[71], [73]. According to[42], the frequacies of the radial force harmonics are not
affected by eccentricity. However, the amplitudes of these harmonics increase significantly.
These increments on the harmonic amplitudes are larger for larger eccentricity ratios as can
be seen irfrig. 1.21[74].
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Fig. 1.21. Effect of eccentricity on the radial forces. (a) Ragiedssure distribution over one mechanical
revolution of a 9s8p motdi71] and (b) frequency spectrum of radial force in a 9s6p PM motor with rotor
eccentricity at various levels of eccentricity (dc components are not sfio#n)

The sound pressure level is also affected by eccentri@iglyndue to modifying the radial
forces. According td73], this variation on the sound pressure level is linear with the rotor
eccentricity. However, when the machine is heavily saturated, this variation follows a non
linear pattern. Due to this, it can be concluded thateffext of eccentricity on the radial
forces is less severe under high operating curréigsl.22 shows this linear variation of the
sound pressure level with thetor eccentricity. Furthermor€jg. 1.22 also shows that sound
pressure level is also proportional to the frequency of operation.
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Fig. 1.22. Effect of rotor eccentricity on the measured sound pressure for different operating frequ@hcies

1.4.3.2. Bearings

The bearings in the electrical machine are also a significant source of mechanical noise. This
is due to the relative motion between the two main etgmof the bearing. In the case of
rolling bearing this is a rolling motion whereas in the case of sleeve bearings or plain
bearings this is of sliding motion. Apart from the relative motion of the two main surfaces of
the bearing, noise due to bearings @lso be caused by some manufacturing inaccuracies on
the geometry as well as some dirt or foreign elements inside the lubricant. These causes can
be both applied to rolling bearing and plain bearid@3, [77]. In the case of the noise due to
manufacturing inaccuracies, it should be noted that depending on the size of the irregularities
on the bearing surfaces, a different type of noise can be produced. Accor{4aj, targe
irregularities may produce pure tones.

1.4.4. AERODYNAMIC SOURCES

Aerodynamic noise is caused by the interaction between the air and the different parts of the
electrical machine. The surrounding air interacts with every component of the machine
creating some dragging force which can excite the machine and produce vilZ8]jofis7].

Air pressure variations are the most important source of aerodynamic noise. These variations

are usually produced due to the existence of some vortexes in the air stream around the

machine. They break against the surrounding elements producing pressuramhwesse.

These pressure variations can also be produced when the air cross section changes rapidly.
This commonly happens in cooling ducts. In these cases, the air also changes its distribution

pattern from laminar to turbulent. This latter one is lssirable from an acoustic point of

view as drag is normally increasgt2].

1.5. MECHANICAL MODELLING OF PM MACHINES
1.5.1.INTRODUCTION

The vibrations in an electrical machine are produced when the exciting forces excite the
machine and this responds with ditfet displacements, velocities and accelerations along

the machine as it is sketchedRig. 1.23. If the exciting force presents the same frequency as
one of the natural frequencies of the machine, resonance happens. When the machines is in
the state of resonance, large vibrations andenare produced. Due to this, resonance needs

to be strongly avoided.
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Fig. 1.23. Machine response to an exciting force.

In order to avoid resonance, it is firstly needed to predict when it is going to happen by
accurately predicting the natural frequencies of the structure. This is achieved by having a
suitable mechanical model of the structure with which to predict thetseah frequencies.

The mechanical modelling of electrical machines has been extensively studied in literature.
Due to the laminated structure of the stator and the anisotropic behaviour of the windings and
the stator, this is considered as a challengask.tIn this section, the main conclusions
obtained in literature about the mechanical modelling of electrical machines are summarised.
For simplification, these conclusions are divided into different sections depending on whether
they are applied to theator, the windings, the rotor assembly, the bearing or the frame.

1.5.2.MECHANICAL MODELLING OF STATOR

1.5.2.1. Stator Yoke

The stator yoke thickness is a major contributor to the variations of the natural frequencies of
the stator in an electrical machif#8]. It significantly varies both the stiffness and the mass

of the statorand hence, of the machine. The standard way to vary the yoke thickness is by
changing the stator inner diameter of the machine while keeping the outer diameter constant.
In this cae, the same frame can be utilised. However, the slot area and therefore the current
density are reduced when the yoke thickness is increased. This might have some drawbacks
on the thermal performance of the macHbiA.

The calculation of the natural frequencies of the stator can be done byHEsamalysis or
through analytical formulae. In the latter case, a-fiiell hypothesis is usually assumed to
modelthe stator yoke. However, this hypothesis can only be utilised when the stator yoke is
relatively small. The limit at which this hypothesis can be assumed was §&8]byhich
establshes a yoke thicknesadius ratio of 0.2. The accuracy of the result obtained through
using analytical methods has been proved to be limited. Furthermore, these formulae do not
consider the asymmetries of the stator and can only be utilised to predicatinel
frequencies of simple geometries. Due to this, the us€Eomethods is gaining more
popularity[73].

The effect of the yoke thickness on the natural frequencies of the stator varies depending on
the size of the machine. Regardless of the madctir®e both the stiffness and the mass are
increased when incrementing the yoke thickness. However, in the case of large machines, the
mass effect is usually larger than the stiffness effect leading into a decrease on the natural
frequencies when the yokbitkness increases. In the case of small machines, the stiffness
effect might be larger than the mass effect leading into an increase of the natural frequencies
when the yoke thickness increa$@é8]. These increments on the natural frequencies can be
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seen inFig. 1.24 for the case of a small switched reluctance machines. As the increase of the
natural frequencies is desireable from a vibration point of view, this leads to conclude that the
increase of the yoke thickness is more beneficial mmalk machines compared to large
machines.
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Fig. 1.24. Effect of yoke thickness on the natural frequencies of the $&tjor

Notches are material reductions on #tator yoke which easy the connection between the
stator and the frame. The effect of these notches on the natural frequencies of a ring were
studied by[58]. This study compares the three models presentédyirl.25. The results of

the study are shown iRig. 1.26. As can be seen the presence of the notches on the stator
yoke slightly reducethe natural frequencies of the counterpart ring. These reductions are
larger for a higher number of notches.

0/0/@

Fig. 1.25. Three stator models used to analyse the effect of notches on the natural fredb&hcies

25,000

Yoke
B Yoke+1notch

20,000 O Yoke+3 notches

15,000 -

10,000 -|

5’000 7 %
o 7

Frequency (Hz)

0 (2,0) (3.0) (4,0)
7 Yoke 19333 2776 7650 14170
B Yoke+1notch 19120 2777 7411 13783
O Yoke+3 notches 18797 2627 6963 13540

Vibration mode

Fig. 1.26. Effect of notches on the natural frequencies of the qiadpr
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1.5.2.2. Stator Teeth

The effect of addinghe teeth to the yoke to form the teeth has been extensively studied in the
literature [58], [80]i [83]. All references conclude that adding the teeth reduces the natural
frequencies of the counterpart stator yoke. This istdi@ecombined effect of increasing both

the stiffness and the mass where the mass effect is larger than the stiffness effect. These
reductions on the natural frequencies can be se€igirl.28 where the natural frequencies
associated to the first few mode shapes of the models preserfted In27 are compared.
Furthermore[58] highlights that these reductiom ¢he natural frequencies of the stator yoke

are larger when the number of added teeth is higher.

(a) (b)

Fig. 1.27. Models measured and compare8h]. (a2) Ring and (b) ring with teeth.

7,000

B Yoke
6,000 1| m@Yoke + teeth
~ 5,000 -
T
> 4,000
5]
2 3000 A
o
2 2,000 A
1,000 - ?
. | 7 %
(2,0) (3,0) (4,0) (5.0) (6,0)
WYoke 599 1652 3067 4687 6542
@Yoke + teeth 511 1358 2411 3444 4122
Diff. 17.22% 21.65% 27.21% -36.00% 58.71%

Vibration mode
Fig. 1.28. Effect on the natural frequencies of adding thentéeta ring to form the stat@®1].

Even though the mass effect is larger than the stiffness effect when adding the teeth to the
yoke, the teeth cannot be modelled as additional masses to the yoke. This is due to the
variations on the natural frequencies when addmagsesre not constant thugh the mode
orders. This can be sedfig. 1.28 where the reductions are larger at higher order modes
compared to the lower on§®0], [81]. From these resultg can be concluded that the teeth
need to be included in the model for a corredtwlation of the stator natural frequencies.



Fig. 1.29. Tooth geometry maodifications. (a) Tapering angle and (b) fillet rg@dRjs

The geometry of the teeth also plays a significant role on the variations of the natural
frequencies compared to the stator yoke. In particular, the effect of tapering the teeth is
studied in[57], [78]. This consists of increasing the tooth thickness linearly from the bottom

to the connection to the yoke. This increase on thickness is characterized by ahesncpe

be seen irFig. 1.29 (a). Tapering the teeth also has a combined effect where both the mass
and the stiffness are increased compared to the case where the teeth are not tapered.
However, the incremertn stiffness is larger compared to the mass effect which leads to an
increment on the natural frequencies of the stator. These increments on the natural
frequencies are larger when the tapering angle increases. This is due to a larger increment on
the stifness of the stator as can be seehig 1.30.
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Fig. 1.30. Natural frequency variations of the stator mode shap@) (4jth yoke thickness and tooth tapering
angle[78].

The natural frequencies of the stator can also be increased by rounding the connection of the
teeth to the yoke as it is presentéd. 1.29 (b). This process is called to fillet the teeth and is
studied by[58], [78]. Filleting the teeth is a process which is usually combined with tapering.

It is characterized by the radius of the circumference used to join the tooth and th€hgke.
effect of filleting the teeth is similar to taper them as both the mass and thesstibf the

stator are increased. However, the increment of the stiffness is significantly larger than the
increase on mass which leads to an increase of the natural frequencies. As can bEigeen in
1.31, the increase on the natural frequencies is larger when the fillet radius is larger. This is
due to a larger increment of the stiffness.
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Fig. 1.31. Effect of tooth filletradius on the natural frequencies of the stg8}.

The stator geometry can also be modified by placing some structural elements in the slot
openings as can be seerfig. 1.32. This method has been proposed®4j, [85] where the
structural elements, which are called stator spacers, are placed into the slots of a switched
reluctance machine. However, it is considered thithatecan also be applied to the stator of

a PMSG.
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Fig. 1.32 (a) Disposition of the stator spacers in the stabat (b) Effect of the stator spacer thickness on the
natural frequency associated with mode order n=2 of a switched reluctance ni@shine

[

The main purpose of stator spacers is to increase the stiffness of theastattirerefore, its

natural frequencies. By adding the stator spacers into the slots, a new ring is formed in the
inside by thesspacersand tle teeth. Due to this, the new stator is formed by two rings joined

by the stator teeth. This new structure presents a significant larger stiffness compared to the
stator without the spacers. Apart from increasing the mechanical stiffness of the stator, the
spacers also present some electromagnetic advantages as they reduce the winding losses and
they secure the windings by closing the siddwever, they also reduce the slot area allowing

less space for the windings with the consequent increase on cuersitlydThis increase on

current density might cause some overheating problems in the m§&hijine

The thikness of the stator spacer plays an important role on the increase on the natural
frequencies of the stator. These increments are larger for thicker stator spacers as can be seen
in Fig. 1.32. However, as it was mentioned previously this also reduces the slgt area
increasing the current density in the windings and potentially causing overheating problems.
Due to this, it is necsary to obtain an optimum value which maximizes the stator stiffness
without compromising the thermal behaviour of the machine.
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A high stiffness and nemagnetic properties are the most common characteristics when
selecting the material to make the statpacers. These are desired so to significantly increase
the stator stiffness without affecting the electromagnetic performance.

1.5.2.3. Stator Laminations

The mechanical modelling of the stator of an electrical machine is a challenging task due to
the laminatectonfiguration. This configuration usually changes the material properties of the
lamination stack compared to the solid counterpart. The damping factor is generally increased
as well. When an element in an electrical machine is laminated, the elastctons in the
microscopic structure are broken. This creates some slip between the laminations which
usually affects the material properties significaf8].

Normally, tte main elements of an electrical machine which are laminated are the rotor and
the stator. This happens for both synchronous and induction machines. The mairihaason
these elements are laminated is to reduce the eddy currents losses in these éfestenés.
cases, laminating the structure also helps to create prismatic shapes without extensive
machining or to build large cylindrical sha83].

Laminaing an element in an electrical machine makes the material properties to be
anisotropic contrary to the usual isotropic properties of solid elements in the electrical
machine. These isotropic elements in the electrical machine have the same materigproper
in every direction of the space. However, the material properties of anisotropic elements are
direction dependent which makes them hard to model. The use of tensors is normally the
most common approach to model these properties when using analgibalds88].

The laminated structure on the stator has significant implications on the material properties of
the laminated stack compared to that of the solid counterpart. In particular, the density and
the stiffness of the stack is reduced whiledaenping factor is increased.

The reduction on the density of the laminated stack is caused by the presence of elastic
materials placed between the laminations. These materials usually have a lower density than
the steeland therefore, reduce the ovegginsity of the stack. The usual way to calculate the
density of the laminated stack is by multiplying the density of the solid steel by the packing
factor. The latter number is normally very close to one which makes the density of the stack
to be very simar to that of the solid counterpart.

The definition of the stiffness values to be applied to a laminated stack has not reached an
agreement yet in literature. In terms oftheueab t o0 be assigned to Yol
radial and circumferential dirdons, E and E, some studief87], [89] defend these values

should be lower than the correspondent solid counterparts. In the firsf88sthe value

assignedsd of around 75% of the value of solid counterpart. However, many others studies

[58], [90]i [93] have concluded these values should be equal to the values of the isotropic
counterpart. These latter studies assume the laminatidntsthaves as an isotropic structure

in the plane of laminations. Due to this, the values ofE;, G,y andv,, can be obtained
straightaway from the solid reference. I n t
modulus in the axial direction,Ewhichis the direction where the laminations are stacked, a

similar disagreement is found in literature. The study present§sB]nhighlights that the

value of & can be equal to that of the solid counterpart. However, the rest of studies seen in
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literature [87], [90]i [93] defend this value should be lower than the isotropic counterpart.
The reasorwhy this value should decrease is dughe loss of stiffness caused by adding
some elastic material between the laminations. Not much agreement is found in how much
lower the value of Eshould be compared to isotropic steel. Some researchef8Tkeg90]

defend this should be as low as 0.25% and 4% respectively of the value of the isotropic
counterpart. Howevel93] emphasizes this should be of 40% wherf@ds, [92] highlight

the value of Ein the laminated stack is around 75% of the isotropic counterpart.

An analogous disagreement is found when it comes to assign the vathessbkar moduli
components (g, G; and G;). In terms of the value to be assigned {9 $@me studief1]i

[93] assume the stack is isotropic in the plane of laminatemd therefore, assigthe same

value of the isotropic model to,f However, some othef$8], [90] defend the structure
losses stiffness also in the plane of laminati@ml therefore, apply a lower value tq,G
compared to the isotropic counterpart. In this case, the applied value in boigs 55 of
around 66% of the value of the isotropic counterpart. One thing that the literature agrees on is
that the values of G and G, need to be lower than those of the isotropic model. This
reduction is caused the loss of transverse stiffness vain@indting a structure. Nevertheless,

the disagreement comes when evaluating the amount of reduction on the stiffness. Studies
like [58], [92] defend these values should be around 60% and 33% of the correspondent value
of the isotropic steel respectively. However, in some otlases like[87], [91], [93] it is
suggested that it should be as low as 10%, 3% and 2% respectively.

Finally, it should be noted that all the references studied assume the vajy¢ootbe equal

of that of the isotropic reference. Furthermore, the valueg,@ndvy,, which arenormally

assumed to be equal to each other, are in many cases also given the same values as the
isotropic counterpai8], [91], [92] However,some other studig90], [93] considered they

should decrease due to the laminated structure. In thig@@kdefends this value should be

of around 33% of that of the isotropic reference whef@alshighlights this should be as low

as 10%. However, it is believed that the values of these parameters are not great contributors
to the vibrational bhaviour of the structureand in manycases,their influence can be
neglected.

Table 2.25 shown the multiplication factors which need to be applied to an isotropic
reference in order to obtain the material properties of the analogous laminated stack. These
values have been obtained from the data presented in various sources of the literature. As can
be seen, the disparity of these fastisrsignificantly large.

Tablel.5. Multiplication factors to obtain the matdrf@operties of a laminated assembly from the isotropic
counterpart seen in various references in the literature.

Reference Density Ex=Ey Ez  Gxy Gxz=Gyz vXy VXZ=vyz
1

[58] 0.955 1 1 066 0097 1

[90] 0.955 1 0037 066 0097 1 0.3
[91] 0.892 1 071 1 001 1 1
[92] 0984 1 077 1 062 1 1
[93] 1 1 037 1 0024 1 o041

Thesechanges on the material properties of the laminated stack compared to an isotropic
counterpart hae some significant implications on the mode shapes and the vibration response
of the structure. These implications are, however, more severe in the tramswdesshapes
than in the radial mode shapes. In some studies[3&E it is concluded that the natural
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frequencies associated to radial mode shapes are slightly reduced compared to the isotropic
counterpart. This isuk to the slight reduction on the radial stiffness. However, in some other
analysis like those carried out [86] and[58], it is concluded that these natural frequencies
associated to radial moddapes are not affected by the presence of laminations. These two
different conclusions can be seerfig. 1.33 andFig. 1.34 for the studies carried out j94]

and[58] respectively.
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Fig. 1.33. Effect of laminations on the natural frequencies associated to naatiid shapes of the staféd]. (a)
Cross section of the prototype and (b) natural frequency comparison.
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Fig. 1.34. Effect of laminations on the natufaéquencies of a-pole SRM statof58]. (a) Cross section of the
prototype and (b) natural frequency comparison.

The laminated structure of the stator affects in a larger extent the transverse mode shapes
compared to the radial mode shaf#8]. These transverse mode shapes are those which also

get deformed in the axial directipand therefore, present different deformation nodes along

the axial length. These numbkef nodes in the axial direction are always different to zero
(mio). Due t o { dneG;lthatwhe lnairatior stackausuallyspresents, these

type of mode shapes are completely suppressed and cannot be seen in the vibration response
[58], [94]. Due to this, it can be concluded that laminated stator rarely present transverse
mode shapes and their vibration is mostly in the radial direction. This cancelation of the
transverse mode shapes can be sedfignl.35 where the vibration responses of a solid

stator and its laminated counterpart are compared.
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Fig. 1.35. Impulse forcevibration response of aole stator core. (a) Solid mild steel and (b) laminated silicon
iron [58].
Apart from lowering the stiffness of the stator compared to an isotropic counterpart, the
presence of laminations increase the damping factor. This is caused by the elastiepropert
of the materials used between the laminat{®i$, [95]. The amount of this increment on the
damping factor depends on the material used between the lamsng@&jn However, it
should be noted that this increment also depends on the number of laminations of the stack as
when this increases, the damping factoo afgreases. This is due to the larger number of
contact surfaces where the energy can get dissipated&@mAn important effect derived
from the increment of damping factis that the amplitudes associated to botplame and
transverse mode shapes are reduced. This is obviously an advantage from a vibration point of
view [81].

In some particular cases, the mechanical modelling of the stator can be considerably
simplified by treating the laminated stack as an isotropic material. This is was prop&i.by

In this study, the natural frequencies associated with radial mode shapes (n,0) of a solid ring
with short axial length and its laminated counterpart were measured and edmphe
comparative analysis, which is plotted kig. 1.36, showed that these natural frequencies
only differ slightly. Due to thisit was concluded that the laminated ring can be mechanically
modelled as a solid ring. This, therefore, invalidateses other studies where the material is
modelled as an anisotropic material. However, it should be noted that this[81idynly
contemplates measurements carried out on rings with a short axial length. Furthermore, only
the inplane radial mode shapes are considered. Due to this, this conclusion cannot be
extrapolated and used in laminated stators with a significant axial lengsmoltid be
considered when the mentioned restrictions can be applied.
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Fig. 1.36. Effect of laminations on the natural frequenggy.

1.5.2.4. Influence of Stator Clamping Pressure

The clamping pressure is the force per area unit which is used to hold the stator laminations
together. The usual way the laminations are held together is by luslisg In this case, the
laminations are bolted through and the clamping pressure can be adjusted by modifying the
torque on the bolts. However, some other methods like using vacuum are also utilised to stick
the laminationg86]. In this particular case, the gaps between laminations are sealed and the
inside air is extracted with the help of a vacuum pump as it is presenkgg. ih37. The
difference between the inside pressure and the atmospheric pressure is the clamping pressure
of the laminations. Due to this, this clamping pressure can be adjusted by extracting more or
less air betweerthe laminations. One of the main advantages of this method is that it
eliminates any effect that the bolts could cause. Furthermore, an even pressure across the
whole laminations is more easily obtained compared to when using bolts. Finally, it should
be noted that whatever the method is utilised to clamp the laminations, a certain amount of
time needs to be waited for the pressure to settle before taking any measuféient.
suggests that three or four minutes are an adequate period of time.

Connector for vacuum pump

I
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Fig. 1.37. Half cross section of a laminated model showing the vacuum system to hold laminations together
[86].

The clamping pressure of the lamination stack also influences the vibrdi@raaliour of the
structure. However, this effect is mostly dominant on the transverse mode shapes as the
natural frequencies associated to the radial mode shapes are kept considerably[8@hstant
[86], [87]. This can be seen Iig. 1.38 where the natural frequencies of radial mode shapes

of a laminaed stator with windings are compared for different clamping pressures.
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Fig. 1.38. Effect of laminations clamping pressure on the natural frequencies of thenstterndings[82].

The natural frequencies associatgih transverse mode shapes aignificantly affected.

When the clamping pressure is increased the natural frequencies associated to these mode
shapes also increase. This is due to the increment of the shear moduli valyesnof G,. It

should be noted that apart from these comptneh the shear moduli, the value of the
Youngods modul us i nis atstiecreasediwihl largdriclanepmd pressareskE
However, this parameter does not have a large effect on the transverse modes of vibration
[87]. These increments on the natural frequencies of transverse mode shapes due to larger
clamping pressure can be seerkig. 1.39. In this particular case, the study was carried out

by testing the structure shown kilg. 1.37. It shoud be noted, the natural frequencies of in
plane or radial mode shapes are kept constant regardless of the clamping pressure. This
matches what is presentedHiy. 1.38.
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1.5.2.5. Influence of Stator Axial Length

The effect of the stator length on the mode shapes and natural frequencies of the stator has
been studied in literaturg/9], [86], [97] From the study of those references, it can be
concluded that there are two different methods to increase the stator length, i.e. by increasing
the number of laminations and keeping their thickness constanti®asing the thickness of

the laminations and keeping their number the same. The first approach is the most common
one. However, it should be noted that depending on the method used to increase the stator
length, different effects on the natural freqcies will be obtained.

[79], [97] studied the effect of the stator length on the natural frequencies of the structure by
increasing the number of laminations and keeping their thickness the same. In this tase, bot
studies concluded that the natural frequencies associated to circumferential mode shapes
(m=0) are independent of the stator axial length. This is because these mode shapes are
considered as 2D mode shapes due to the lack of deformation in the axit@blirdowever,

the transverse mode shapes (mio) are consi
decrease when the stator length increases as can be Jedateih.6. In this table the natural
frequencies of modes (0,1) and (2,1) are compared for different stator lengths and for three
different machine sizes. The comparison is made on mode m=1 as, accor{ii®j tus

mode is the most common transverse mode shape in electrical machines. The reduction of the
natural frequencies is caubdy the loss of axial stiffness when laminating the stator
compared to a solid stator. Furthermore, this decrease on the natural frequencies is less
significant at higher circumferential modes. This means the reduction on the natural
frequency of mode (4) is smaller than the one of mode (2,1). Accordin§/&j this might

be dwe to the circumferential stiffness of mode (4,1) being larger than of mode (2,1) and
therefore, the loss of axial stiffness is relatively less severe in mode (4,1) compared to (2,1).

Tablel.6. Effect of stéor length on the natural frequencies of mode shapes (0,1) and (2,1) for three different
machinesizeg[79].

Stator Mode shape (0,1) Mode shape (2,1)

Machine size Length (cm) Frequency (Hz)) Frequency (Hz)
T e —
(R=11.75cm) D ) 971
Medium 43.5 2453 2838
(R=35.25cm) 105.75 1011 1227
b 0 324
L 116 920 1064
(R:%rgfm) 282 379 460
b 0 121

The procedure followed by86] to study the effect of the stator length on the natural
frequencies of thetructure is different as the axial thickness of each laminations is increased.
In this case, the study showed that the natural frequencies of circumferential mode shapes
(m=0) are independent of the stator axial length. This conclusion coincides wittbtheed

on [79], [97] where the effect of stator length was studied by increasing the number of
laminations. However, the conclusion drawn[B§] regarding the transverse mode shapes

( mi 0) i s o p p[Mk 97 &s it ts provedhte hatucalf frequencies of these mode
shapes increase with the stator axial length. This conclusiormads by comparing the
behaviour of four different models where the thickness of the stator laminations are %, 1/3
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and %2 of a reference model. The results of this study as well as the geometry of the four
models used in the comparison are present&airi.40.
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Fig. 1.40. Effect of stator axial length on the natural frequencies of the stator. (a) Models dn@43used to
make the comparison and (b) variation of the natural frequencies associated to different modé $himpes.
plane pure radial modes;i in-plane circumferential mode$§, 8 & transverse modes with nodal rad;
transverse modes with a nodilcle [86].

The studies present in literature show that the effect of the stator axial length on the natural
frequencies can be analysed by modifying the number of lanmsadiothe thickness of each
lamination. Both approaches conclude that the natural frequencies of circumferential mode
shapes are not affected by the stator axial length. This is due to this type of mode shapes
being 2D and independent of the axial lengtbwever, the difference comes when analysing

the transverse mode shapes. If the first approach is followed, the natural frequencies of
transverse mode shapes decrease when increasing the stator length. However, if the second
method is followed, the naturlibquencies increase when increasing the stator axial length.

1.5.3.MECHANICAL MODELLING OF WINDINGS

The mechanical modelling of windings in electrical machines is challenging task due to these
being a complex structure. Windings are anisotropic materials wound around the stator teeth
which also present end windings. In some cases, these windings ama@isegnated with

some varnish materials which modify the material properties. Several references in literature
have studied different aspects of the mechanical modelling of windings in different type of
electrical machines. The conclusions obtained frbesé references are summarised in this
section. It should be noted that these conclusions can be applied to PMSG generators as well.
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1.5.3.1. Windings

A. How to model the windings in FE

The FE modelling of windings in electrical machines can be done in various $ays
references defend the windings should be modelled with anisotropic material prdp@ities
[91] whereas others simplify the model treatingnthas isotropic material83]. In some
other cases, the contribution to the stiffness of the windings is not tatkeaccount and
these are modelled as added masses to the[89¢tfO8].

The anisotropic modelling of the windings proposed[®y] hi ghl i ght s t hat t
modulus in the axial directiorEf) should be lower than that of solid copper as the coil is
formed by copper and impregnation material. However, the valtg sifould be larger than

Ex andEy as the axialirection is the one with largest stiffness. In this particular reference,
Ex=E,=9.5GPa and~14GPa are utilised. Analogously, the valueGyj should be larger

than G,~=Gy, but lower than that of solid copper. For this reas@)~=5.4GPa and
G~=Gy=46Ga are wutilised. For simplification,
ratios are kept the same and equal to that of the solid copgevyfVv,~0.3). [58] also

defends the windings should be texhas a composite anisotropic material and highlights the
isotropic solid model of the windings could be treated as an upper bound which can be used
as a reference. Contrary to wii@al] defends[58] assigns a value &, equal to that of solid

copper. However, this is only done for simplification as it is proven Ehditas very little

effect on the radial vibration modes of the stator with windimgsQ). This is proven by
changing the value @, in the FE simulations. However, similarly f@1], [58] also defends

that Ex andEy should be lower tnE;and al so assumes the Poisso
each other and to that to solid copper. In this ckgek,=1.2GPa andy=vy~Vvx~0.3 are

utilised.

[83] models the windings as an isotropic material where the valgasoproved to be around

1% of that of solid copper. This assumption is validated by matching the FE and measured
results in three induction motors with different power i.e. 0.4kW, 2.2kW and 3.7kW. This
validation also proves that the valuetbfloes not dgend on the wire size as the three motors
present windings with different diameter.

A simplification on the winding modelling can be done if these are treated as added mass to
the stator teetfB89], [98]. This assumption does not neglect the gbution to the stiffness of

the windings but highlights this contribution is always lower to the mass contribution. Due to
this, the mass of each coil is added to the correspondent stator teeth by modelling the teeth as
a different material with an equilent density. A method to analytically calculate this
equivalent density is proposed [89] and can be seen in equatioisl6)-(1.19). In this

case, the equivalent densifyd) is the ratio between the combined mass of the tont)

and the coil i) and the volume of the tootN o). This tooth volume can be calated

with the stack length of the machinks{c), the tooth heightHo) and the tooth width
(Wiootn). Furthermore, the mass of the tooth is the product of the iron densitytbie tooth
volume Vwotr) and the stacking factofsfcy. Finally, the coil massr.i) can be calculated

with the mass of each turmy,) times the number of turndi,,). The mass of each turn is
equal to the density of coppgrc() and the volume of each turNy(,) which is equal to its
length(Lwm) timesits cross section ared\(m). The cross section area of each tug,{) can
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be calculated with the wire diametd.(,) whereas the turn length is the sum of two times
the stack length2lsiac) and the length of the end windings at either silé {i. The end
windings are considered to be circular with a radius equalto

” _ ¢ (1.16)

W
W 0 0 o (1.17)
a "R W Q0 0 (1.18
a 0 a 0 ) 0 0 0
0 0 T
| ) o (1.19
0 N cO “ _q

Once the windings are modelled, the contact between the coitbesthtor teeth needs to be
modelled. In this regard, very little is said in literature. However, it should be notd@3hat

[89], [98], [99] highlight that the windings and the teeth always move together. This
restriction can then be applied to therespondent FE model. In the casd34], the fact of

the windings and the stator vibrating together is also assumed and validated by matching the
calculated and measured values of the natural frequencies associated to radial mode shapes.

B. Effect of windings onatural frequencies of the Stator

Depending on how the windings are modelled, these will have a different effect on the natural
frequencies of the stator. In some references, it is concluded the windings increase the natural
frequencies of the statf81] whereas in others the windings are considered to decrease them
[82], [83], [98]. The conclusion drawn H#1] is obtained by testing a stator with and without
windings. It should be notethat the windings in the prototype are simulated by inserting
some brass wedges in the slots. Due to this, thess lwvedges restrict the movement of the
stator increasing the overall stiffness of the stator asseralbly thus, increasing the
correspondent natural frequencies as showignl.41. As can be seen, the stiffness effect is

not that significant at low frequencies due to small stiffness effect being compensated by the
mass effect. It becomes more noticeable at higher frequencies aiflesseffect becomes
larger.

The studies carried out §82], [83], [98] conclude, however, that the effect of the windings

is to decrease the stator natural frequencies as can be $agnlid2. In these three studies,

this conclsion is obtained by testing a stator model and the same stator model with
windings. This mad¢98] to conclude as wll that the windings can be modelled as added
masses to the stator teeth simplifying the FE model.
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Fig. 1.42. Effect of windings on the natural frequencies associated to radial mode shapes of the sfafjr. (a)
(b) [98] and (c)[83].

Finally, it should be mentioned that the effect of windings on the natural frequencies of the
stator is also studied i8]. This study concludes that the effect of windings on the stator
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naural frequencies can be neglectadd therefore, the windings do not need to be included
simplifying the FE model. This is due to the mutual cancellation of the mass and stiffness
effects which make the overall effect of the windings negligible. Thiglosion is drawn by
measuring and comparing the natural frequencies of the stator with and without windings as
presented ifrig. 1.43.
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Fig. 1.43. Effect of windings on the natural frequencies of the s{ajr

C. Effect of windings on vibration response

Apart from influencing the natural frequencies, the windings also have an impact on the
vibration response of the stator. This influence iswghan some of the tooth resonances
being cancelled out due to the windings restricting the movement of the [Bgth
Furthermore, the windings also introduce some parasitic resonances in the vibration
resonance mainly due to the asymmetries caused by the end windings. These asyammetries
produced during the manufacturing process and are very difficult to avoid. It should be noted
that asymmetries are also present in the stator laming@6hsFinally, the presence of the
windings in the stator slots increases the damping of the stator as§@8jb[¥5], [97]. This
increase on damping is manifested in some of the peaks in the vibration rebporngse
flattened or roundedff as can be seen Fg. 1.44 making more difficult to spot the natural
frequencies. However, this increase on damping also reduces the amplitudes of the yibrations
and therefore, the noise emitted.
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1.5.3.2.  End Windings

The characteristics of the end windings differ when the machine presentverapping or
overlapping windings. In the case of roverlapping windings, the end windings are r&éio

and more rigid than those in overlapping windings. Due to {BB] concludes that the
stiffness of the end windings in naverlapping windings can be assumed to be equal to that

of the axial part of the windings. It should be noted that the end windings are a critical area
where maximum vibrations can ocdaf0]. This, in some cases, is due to the lower stiffness

of the end windings compared to other elements of the machine. These large vibrations can
cause fatigue which in the end can create some cracks on the windings. The way these large
vibrations on the ehwindings are usually monitored is by using fibre optic accelerometers
[100]. These sensors convert an optical signal into an electric signal and are usually located in
the radial direction. In order to obtain a sensible measurefi] suggests at least six
sensos should be allocated.

The end windings in FE are normahyodelled as an additional mg&s3], [95]. In [95] the

mass of the end windings is placed in the slots and in the stator yoke. Results of the natural
frequencies of the stator withese two modelling methods are analysed and compared. As
can be seen iMable 1.7, both ses of results are very similar. Due to thj95] concludes that

either location is suitable for an accuratedelling of the windings although it is highlighted

that placing the mass of the end windings in the slots is more realistic than placing it on the
stator yoke.

59



Tablel.7. Simulated values of naturiabquencies of different mode shapes of the stator when considering the
mass of endvindings inside the slots or on the stator qo&g.

Vibration mode In the slots On stator core Diff. (%)

(0,0) 3036 3040 -0.13%
0,2) 3316 3353 1.12%
(1,6) 4259 4257 0.05%
(2,0) 483 488 -1.04%
2,2) 1999 2013 -0.70%
(3,6) 1281 1301 -1.56%
(3,2) 2286 2317 -1.36%
(4,0) 2283 2328 -1.97%
(5,4) 3402 3486 2.47%
(6,4) 4581 4715 -2.93%
(6,0) 5238 5397 -3.04%

[83] also models the end windings as an additional mass. However, in this case, this mass is
attached to the stator core through argpwith constant equal td as it is sketched ifig.

1.45. This connection between the stator core and thenamding forms a system with two
degrees of freedom. The value of the conskamg obtained by matching the FE simulated
values with the measured results in various motors with different stack lefgehebtained

value of this constant is 3.7 1Kgf/cm.

Core K
Coil end

Fig. 1.45. Modelling of the end winding connection to the stator {88

The effect of the enwindings on the natural frequencies of the stator is also analysed in
[83]. In this case, this is done by measuring one stator model with and without end windings.
This is done by separating the emthdings from the rest of the winding body as can be seen

in Fig. 1.46 (a). Results of this comparison can be sedfignl.46 andFig. 1.47. From these
figures it can be concluded that the ewihdings decrease the natural frequencies of the
stator.
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1.5.3.3.  Winding Impregnation

Impregnating the windings is a very common procedure in medigenelectrical machines.

In this case,the windings are immersed in hot varnish and then bgk&d This
impregnation on the windings has some effects on the vibration respicth&estructure as it
causes the cancellation of some of the parasitic resonances of th¢93tateurthermore, the
impregnation of tB windings also increases the damping of the structure compared to the
same structure without impregnatif@8]. This increase on damping causes a reduction in the
amplitude of the vibrations which is beneficial from a vibration and noise perspective. The
value of these reductions depends on the softness of the varnish utilised to impregnate the
windings as a softer vaish will reduce further the vibrationf83] compares the vibration
response of the same structure with three wdiffe impregnation varnishes in the windings.

Alky polyester is utilised as a reference in the comparison where silicon varnish and epoxy
varnish are also analysed. As can be seekign 1.48, the amplitude of the vibrations
obtained with silicon varnish are reduced compared to the reference of alkyd polyester. This
is due to silicon varnish being softer after curing comparedkia gdolyester. The amplitude

of the vibrations when using epoxy as the varnish to impregnate the windings are increased
compared to the reference of alkyd polyester. This is due to epoxy varnish being harder than
alkyd polyester after curing. This, theredp decreases the damping of the structure and
causes an increase on the amplitude of the vibrations. It should be noted that the epoxy
varnish also cancels the reverse mode shape where the windings and the stator core vibrate
with reverse phase. The usé @poxy varnish in this case increases the stiffness of the
connection between the stator and the windings and makes them become one unit which
vibrates together. This, therefore, cancels any independent vibration as can be seen in the
vibration responsefd-ig. 1.48.
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1.5.4.MECHANICAL MODELLING OF ROTORASSEMBLY

The accurate prediction of the natural frequencies of the rotor assembly is of great
importance. This is especiallgritical in the case of highpeed machines where a
miscalculation of these can cause severe damage as well as large vibrations, noise and
bearing losse$90], [101]. The usual way to analyse the natural frequencies of the rotor
assembly is by obtaining those of the shatft first and study the effddfeseEnt components

which form the rotor assembly. In this case, the most common ones are the effects of the
rotor hub and the magnets. For the calculation the natural frequencies, the standard procedure
is to use FE methods and validate the natural &eges with impact test measurements.

This process is very common and followed b§1]i [106].

1.54.1. Shaft

The shaft of the rotor assemblyrisrmally modelled through FE methods. In this case, the
natural frequencies are predicted through a modal FE analysis and validated through impact
test measurements. This method is followed 98], [102]. However, in some cas¢s01],

[104], [105] an extra numerical method is also used to validate the natural frequencies of the
shaft.[101] utilises an analytical formula to calculate the natural frequencies of the shaft due
to its simple geometry. This expression can be seé€hdf):

1T Q= (1.20)

wherek is a constant which depends on the natural frequency of dudys t he Young
modulus of the material of the shdftis the moment of inertia of the shaft,is the mass per
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unit of length and. is the axial lengtlof the shaft In some other cases likg04], [105] a
beamlike numerical method is utilised to calculate the natural fregies of the shaft. This
methodconssts of discretizing the shatft in N axial segnsemith uniform section as shown

in Fig. 1.49. Each segment is considered as a massless elastic beam. In order to keep a
reasonable accuracy, the number of segments needs to be as small as possible.

i i+1

Fig. 1.49. Discretization of the shaft through the bebike method[104].

1.5.4.2. Rotor Hub

The effect of the rotor hufback iron)on the naturalrequencies of the shaft depends on how

the rotor hub is manufactured. The rotor hulp9@] is laminatedand therefore, the natural
frequencies of the shaft decrease when adding the rotor laminations. This is due to the
significant lower stiffness of the laminations compared to the shaft especially in the axial
direction. The results of this study are shokig. 1.50. However, it should be noted that
when the rotor hub is solid, the natural frequencies of the shaft are increased. This is
highlighted in[106].

Shaft and End Caps
'|| m Shaft, End Caps and Laminations

N\

1st bending 2nd bending Rotational 3rd bending

Vibration mode

Fig. 1.50. Effect of rotor laminations on the natural frequencies of the f@jft

1.5.4.3. Magnets

The magnets in the rotor assembly can be mechanically modelled in two different ways.
Some studiefd0], [101] show that the magnets add stiffness to tterrassembly and they
need to be modelled as solid bodies. However, some other refef2j¢#63], [106] neglect

the contribution of the agnets to the stiffness and defend that modelling the magnets as
added mass is an accurate approach.

The rotor assembly of high-speedmachine is modelled if@0]. The FE predicted natural
frequencies of each of the components of the rotor asserdialidated through impact test
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measurements. The magnets in the prototype are bonded to the rotor laminations by using a
high strength adhesive. As can be seeRig 1.51, the magnets considerably contribute to

the stiffness of the shaft. The magnets J4€d] are also fastened to the rotor hub by using a

high strength adhesive. These two references prove that the magnets add stiffness to the rotor
assembly by increasing the natural frequencies associated to the bending fa6fes.
indicates this is due to the larger axial stiffness of the magnets compared that of the rotor
laminations.
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Fig. 1.51. Effect of the magnets on the natural frequencies of the rotor asg&@ibly

Modelling the magnet blocks of the rotor assembly as added masses is considered in several
referenceq?2], [103], [105], [106] In the case of2] an externatotor PM wind power
generator is modelled. The rotor is a steel cylinder where the magnets are placed in its inner
surface. In order to ease the process of inggeittie magnets in the rotor house, the inner
surface is equipped with severaisiiape slots. Due to the large size of the prototype, the
magnets are axially segmented as can be sedriginl.52. Consequentlythe axial
segmentation of the magnets weakens their stiffening effect on the rotor house. Furthermore,
it should be noted that the only mechanism to fasten the magnets to the rotor house is by the
magnetic attraction of these and the steel rotor house t®all this, modelling the magnets

as added masses neglecting their stiffness contribution is a reasonable approach. This
assumption is validated by measuring the natural frequencies associated with the rotor
assembly mode shapes.

@) (b)
Fig. 1.52. (a) Rotor assembly; (b) magnet module and (c) meshed 3D model of the rotor house and[#lagnets

The magnets in the rotor assembly136] are also axially segmented. However, in this case,
the rotorassembly is part of a higgpeed machine. Due to axial segmentation of the magnets,
these are also modelled as added masses and their stiffness effect is neglected. These masses
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are located at the adequate distance from the centre of the shaft. This magedlfing the
magnets is considered as a conservative approach as the FE predicted values are lower than
the measured ones. Similarly, the magnet bloc§408] are also modelled as added masses
following the same conservative approach carried o{t@6]. Consequently, the predicted

FE natural frequencies are lower than the measured ones. However, both of these references
prefer to underestimate the values of the natural frequencies of the rotor assembly due to
safety reasons are both are modelling a {sipgbed machine. If any of these natural
frequencies are overestimated, some severe damage can be caused to the Binadityrié.

should be noted thdtl05] does not include a detailed modelling of the rotor assembly.
However, one of its contributions is to highlight that the magnaght not add stiffness to

the rotor assembly when the machine is rotating at high speeds due to the centrifugal forces
which can balance out the effect of the magnets on the shaft. It should be nof@é@3hat
defends the stiffening effect of the magnets on the rotor assembly when the machine is not
rotating.

1.5.5.MECHANICAL MODELLING OF BEARING

The bearing is an important element in an electrical machine fromechanical point of

view. Due to them, the natural frequencies of the rotor assembly can change and some new
vibration modes can appef®#0]. From a maintenance point of view, the bearings are a
critical element as between-%0% of the mechanical ifares in electrical machines are due

to the bearing Monitoring their state is, therefore, crucial. In this sense, several testing
methods are carried out such as vibration, acoustic or temperature measurements as well as
lubricant analysefL07].

The type of bearing depends on the electrical machine application. Rolling bearings are very
suitable for low and mediurrspeed applications. In this case, the rolling elements between
the two ringsof the bearings can be either spherical balls or cylindrical rollers. This type of
bearing has the advantage of having the highest stiffness among the different types. This is
around 1E+08 N/m in the radial direction. Ceramic bearings are suitable fosgegh
applications. This type of bearings has the advantage of preventing the bearing currents to
appear due to the material they are made of. A commonly used material is ceramic silicon
nitride. Furthermore, they are usually lighter than other typeseafitgs. Similarly to
ceramic bearings, fluid film bearings can also be utilised in-bBgged applications.
However, this type of bearing is also suitable in applications which require a large damping.
Their stiffness is usually lower than that of thdingl bearings and they have the advantage

of needing a fairly low space. However, the lubricant system needed increases the complexity
of the overall system significant[t08]. Magnetic bearings have the advantage of not having
mechanical contacts which makes them suitable for-$jigted applications. This contactless
approach also leads into low friction which consequently reduces the losses significantly
compared to other types of bearif@®3], [108]. Furthermore, this type of bearing also has

the advantage of being cleaner than other types of bearing due to not needing a lubricant.
They also offer the possibility to control the rotor dynamics by adjusting their stiffness and
damping. Howevertheir main disadvantages is that they usually need extra length on the
rotor as well as having lower stiffness compared to other types of bearings. This is around
1E+06 N/m in the radial directigi08].
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The modelling of the bearing usually consists of replacing the rolling elements by analogous
elements. For doing this, two main approaches are normally considered. Some studies like
[2], [90] model the rolling elements of the bearing as springs whereas otherd Qike
replaces them with a spring and a damper. The reason for carrying out this type of modelling
is to decrease the mplexity of the FE model. This also reduces the computational effort and
simulation time needed.

Referencd90] consist of a mechanical modelling of PM rotor used in a high speed machine
which is supported by two ceramic bearings. Each bearing delted with four evenly
spaced springs so to evenly support the shaft. The study carried ¢2f tgnsists of a
complete mechanical model of a large wind power generator. In this case, the machine is only
equipped with one rolling bearing located at the drive end whichrisefd by two rows of

rolling elements. Each row presents 91 rollers. Due to the large length ofrdlless five

springs placed in parallel are needed to accurately model the deflection behaviour of the
rolling elements. Due to the springs being placeparallel, the equivalent spring constant is

the sum of all the five springs. These springs are modelled in the FE software by using
unidirectional elements with ndmear deflection capability. The way the bearings are
modelled in these two latter stediis show inFig. 1.53. Both references use a different
method to obtain the stiffness of the bearings. In the ca@®pfthis is done by optimizing

the valueof the stiffness which matches best with the measured values. Ho\&vatilises
analytical methods to calculate the stiffness of the rollers.

Main bearing
outer ring

Main bearing
springs

Fig. 1.53. Bearing modelling using springs in different sourcdgénature. (a)90] and (b)[2].

The bearing modelled ii107] is formed by two rings and4lballs which roll in between. All

the elements are made of steel and the material properties utilised in the atatiythmse

seen in literature. The type of contact within the bearing can be either between two balls or
between a ball and a wall of one of the bearings rings. Each of these contacts is modelled by
using five different parameters as can be sedtignl.54. These parameters are the stiffness

in the normal and tangential directions, the damping in the normal direction and a friction
coefficient in the tangential direction. The reason for addigdampers is to characterize

the energy dissipation in the contact. It is believed this way of modelling the contacts is more
accurate than by just using springs. Furthermore, it should be noted that the friction
coefficient is only considered in the cants between balls and ring walls as the contact
between balls is considered as slipping. In the former case, the friction coefficient used is
0.15.
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Fig. 1.54. Contact modelling in a ballearing according tf107]. (a) Baltball contact and (b) several contacts
between elements in the ball bearing.

1.5.6.MECHANICAL MODELLING OF FRAME

The type of frame used in electrical machinesdtasged throughout the last decades. Some
years ago, the most common frame used several ribs to connect the stator and the frame. This
way, both structures were joined through several discrete points. However, from an acoustic
point of view, this type of @nnections were significantly detrimental as the number of
resonances frequencies per vibration mode is equal to the number of ribs. In a normal frame
this would be around four of fiv89], [73]. Due to this, the type of frame changed and
nowadays the most used frame is the encased frame. This type of frame, which an example is
shown inFig. 1.55, is more benédial from an acoustic point of view as the number of natural
frequencies per vibration mode is equal to one. In this case, the contact between the frame
and the stator is not on discrete locations but on the surfaces of both structures. Due to this,
the fame is obliged to follow the motion of the stator yoked therefore, do not add extra
natural frequencies per vibration mode. It should be noted that encased frames are also easier
to manufacture compared to rib franjds], [109]

Due to the encased frames being the most common type used nowadays, most of the research
in literature is dondor this type of frames. An example of an encased frame is shofig.in

1.55. In this case, the frame is equipped with some longitudinal flanges closed by some bolts
with which to tighten the frame to the stator. The installation of the frame is done with a tight

fit so asto avoid any relative motion between the stator and the frame. The bolts are also used
to adjust the contact pressure of the connection. When carrying out the connection some
precautions need to be takenasio assure the contact is as smooth as posavoligling any

discrete contact points which wouduseadditional resonance frequencj&8], [95].
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Fig. 1.55 Details of the frame. All dimensions in n{il0].

The effect of the frame on the natural frequencies of the stator is influenced by several factor
where the main es are how the contact frarsmtor is made and modelled, as well as the
frame thickness and frame material. Due to this, not much agreement on how the frame
affects the structural behaviour of the stator is fomrderature.

[73] highlights that depending on how the caitbetween the frame and the stator is made,
the natural frequencies of the stator are affected in a different way. This is due to the contact
dominating the effect of the frame on the natural frequencies. If the contact is smooth around
the surfaces ofdih structures, the natural frequencies of the stator increase when adding the
frame on. This is also concluded [81], where a commarison between a wound stator with

and without frame is made. Results of this analysis are preserfeggl in56. However,[73]
defends if the contact between sunds has any discrete points, the natural frequencies of the
stator might increase or decrease because of the presence of the frame. Furthermore, this
might also introduce parasitic resonance frequencies. Some other studi@S]lefend that

that the effect of the frame is negligildee to the weak coupling between the stator and the
frame and, therefore, the mechanical modelling can be simplified by not including the frame.
However,[109] concludes that the frame always reduce the natural frequencies of the stator.

6,000

W Stator
5,000 4 @ Stator and Frame

4,000 -

3,000 ~

Frequency (Hz)

2,000 +

1,000 4 V

0 4

(2,0) (3,0) (4,0)

W Stator 515 1357 2420

@ Stator and Frame 530 1395 2501
Diff. -2.91% -2.80% -3.35%

(6,0)

5023

5318
-5.87%

Vibration mode
Fig. 1.56. Effect of frame on the natural frequencies associated to circumferential mode shapes of {84 stator

The effect of the frame thickness on the natural frequencies of the stator is stufli®éd]by

This paper compares the natural frequencies of different circumferential mode shapes of three
machines with different sizes. The conclusion from that study is that the frame always
reduces the natural frequencies of the stator and this reduction is ftargkicker frames.
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This happens regardless of the machine size as can be SEarlani.8. As a consequence,
the frame needs to be included in the mechanical nefdéke generator as its effects cannot
be neglected. It should be noted that this conclusion contradicts what is pres¢@®¢d in

Table1.8 Effect of frame thickness on the natural frequency of mode shape (2,0) for three different machine

sizes[109].
Small machine (R=11.75cm) Medium machine (R=35.25cm) Large machine (R=94cm)
Frame thickness Frequency Frame thickness Frequency Frame thickness Frequency
(cm) (Hz) (cm) (Hz) (cm) (Hz)
0 1136 0 379 0 142
0.8 971 2.4 324 6.4 121
1.175 914 3.525 305 9.4 114

This same study109], also highlights that the frame material varies the effect of the frame

on the natural frequencies of the stator. In this case, two frames with the same thickness made
of cast iron and steel are compared. As can be sd€ég.ih.57, the natural frequencies of the

steel frame are larger than the ones of the cast iron. This is due to the higher stiffness of steel
(around 200GPa) compared to that of cast irooujad 160GPa).

30 o lowest frequency
a second frequency

$ = thrd frequency

20 — Cast-iron frome

"‘-—r-_;_‘:.-:--SEelm

P e

Resonance frequency ratio,— —»
Py
|
I

00 | =
00 U Vo %o Vo T
Frame thidkness-to-radius m.%i;—.

Fig. 1.57. Effect of frame thickness and material on the natural frequencies of mode shape (2, 0) of the stator
[109].
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CHAPTER 2: MECHANICAL MODELLING OF SHAFT,
STATOR, AND FRONT PLATE ASSEMBLIES OF A 3KW
INTEGER -SLOT 84-SLOT/28-POLE GENERATOR

2.1. INTRODUCTION

The 3kW electric generator to be FE mechanicatiglysed and experimentallidated is

an 84-slot/28pole (84s/28p) permanent magnet (PM) external rotor electrical mafdiine
wind power applicationslt is composed by several individual elements which conform the
final assembly. A 3D view anis cross section can be seenFig. 2.1. All the elements
which form the assemblgre presented iRig. 2.2. The prototype presents two different sides,
the drive end and the nalrive end. The drive end is the side of the machine where the
driving element is located i.e. blades, electric motor. Thedrore end is the opposite side to

the drive end. Some ofi¢ elements of the assembly are named by adding the side they are
located ini.e. nondrive stator plate, drive end fingerplate.

Non-drive end Drive end
(@) (b)
Fig. 2.1. Different views of the 3kW PMSG generatfa) Crosssection and (b) 3D view.

One of the main elements of the generator assembly is the statofolined by84 teeth
where 42 coils are placed in betweerstwo slots are needed per collhese 42 coils are
divided into fourteencoils per phase and placedsuch a way that the coil pitcoversthree
slotsand three teetincreasing the endinding length and overlapping the phase windings.
However, this configuration maximizes the flux linkadgetween the magnets and the goils
and thereforethe torque prduction. Thefourteencoils per phase are connected in seines
all thethreephasesThe lamination stack of the stator is hold lsotfingerplatesvhich are
placed m either sidawith the purpose of keeping thegether. These fingerplates are both
glued and bolted down to the stataminations Apart from keeping the lamination stk
together, the fingerplates also seras a connection between the stator and the .shaft
However, the connectioof the statoto the shaft needs of two more plates, onghe drive
end and another one in the rdrve end, called stator plates. These stator plates are bolted
and glueda both therespectiveingerplate and the shatn the case of the stator pladbaft
connections, eightvenly spacedM12 bolts are utised whereas for the stator plate
fingerplate connection twelve M10 bolts are needed.



The shaft is a key element of thlpbalassembly as gerves as aupportto the stator, holds

the bearing anadlignsthe rotor and the stat@ilowing the rotationAt the drive endf the
shaft the bearingnner ringis located In this particular casehe bearing is a ball bearing
with fourteenrolling elementsIn order to protect the bearing from any damage, a bearing
housing is also present in the assemiblyis is formed by two elements: an inneousing
which is bolted down to the shadnd prevents the inner ring to slide out the shaft and an
outer element which is bolted to the front plate.

The front platdas one of the rotating elements of the generatas. dgluedto the outer ring of

the bearing and bolted down to the rotor houdeese three elements together with the
magnetsplaced on the rotor house form the rotating elements of the asserhilyotor

house consistof a steelcylinder with several mgnet blocksglued on its surfacdn this
particular case?28-shaped magnets are placed onto the rotor house making the generator to be
of integerslot type due to the presence of 84 slots in the stator. The whole assembly is closed
with a rear plate aton-drive endwhich is also bolted down to the rotor howsih twelve

M5 bolts

(d)

(h)

(m)

Fig. 2.2. Elements in the assembl) Stator; (b)drive endfingerplate; (c)hon-drive endfingerplate; (d)drive
endstator plate; (ehon-drive endstator plate; (f) shaft; (g) coils; (h) rotor house; (i) magnets (x28); (j) rear
plate; (k) front plate; (I) bearing inner ring; (m) beayiouter ring; (n) bearing inner housing and (o) bearing
outer housing.

(0)

In order to carry out aorrectFE mechanicahnalysisof this 3kW prototype,it needsto be

split into more manageable elemertsat could be individually tested and validatéthis

allows to model each one of the elemearittheassemblyas well aghe connections between
them. The procesgarried out to eparae the generator in smaller assemblies is outlined in
Fig. 2.3. As can be seen the full assembly is broken down in five smaller assenhblies
particular, the shaft, stator, front plate, bearing and rotor assemblies. The first three
assemblies are analysedChapter 2 whereas the bearing and rotor assemblies are studied in
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Chapter 3. Chapter 3 also deals with the combination of these asseémaliasger assembly
and the full generator.

- Chapter2 | == m m= o= o= o o - - - (R — Chapter 3 -
|
I Shaft Assembly ] I Stator Assembly | | Front Plate Assemblyl 1 | Bearing Assembly | | Rotor Assembly I

Fig. 2.3. Flowchartdescribing the FE mechanicatalysisprocess of the generator assembly.

The starting point of the separation process is the full generator assembly. From this
assembly, the rotor assembly is pulled out with the help of the fixtures shokig. iB.4.

This separation procedsads to having the rotor assembly ready for being tested on one side
and the stator, front plate and shaft assemblies on the othef lsgselatter assemblies need

to be furtherly split.

Fig. 2.4. Fixtures used to split the rotor from the stafay Front fixture and (b) reafixture.

Generator Clamp

R}e}ﬂxture Front ixtul‘e ‘./
Il
g | []n ]
Il

() (b)

Fig. 2.5. Process of pulling out the rotor from the generator. (a) Mounting on the front and rear fixtures and (b)
pulling out the rotor assembly.
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Fig. 2.6. Process of splitting the rotor and the stafay Unbolting the front plate screws; (b) bolting down the
front fixture; (c) bolting down the rear fixture; (d) preparing the rig; (€) mounting the generator on to the rig; (f)
alignment; (g) separation process and (h) elements separated.

Thedifferent stages of the separatiofthe rotor assembly from the rest of the genereaor

be seen irFig. 2.6. Firstly, it was needed to unbailhe screwswvhich connect the front plate
with the rotor houseOnce this was donehe front and rear fixtures were bolted on to the
front plate and the rotor house respectivéliter setting upthe separatiorrig, the electrical
machinewas mounted onThis was dondefore aligningboth axes othe generator and of
the rig. This aligningorocess is crucial for the correct separation of the asseimhdylast
step of the splitting procedureonsisted of pullingback the statgrfront plate and shaft
assemblieandseparateéhemfrom the rotor hous&aving two separate assemblies as can be
seen inFig. 2.7. These two separate asddies were then tested individually.

@ O
Fig. 2.7. (a)Full assembly; (b) rotor house and ¢tator front plate and shaftssembes.

Once these two assemblies were tested, the remaining stator, front plate and shaft assemblies
needed to béurtherly split. This next process consisted of takioff the front plate from the
remaining elements as can be seehign 2.8. Before carrying out this task, both the bearing

outer and inner housisgneeded to be unscrewetihe separation of the front plate was
carried outwith the help of some lalvatorytechnicans and itinvolved using a specific tool
attached to the shaft with whi¢b pull the front plate outThe front plée together with the

bearing outer ring and the bearing balls came out on one side leaving ththeselements

on the other side. THeearing inner ring was left connected to the sl@fice this separation

took place, the front plate and the rest of the assembly were tested separately.
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(b) (©)
Fig. 2.8. (a) Stator, front platand shaft assemblies; (b) front plate assembly and (c) stator and shaft assemblies.

Finally, the stator and shaft assemblies were also split apart. This tagksodsne with the
help ofthe laboratorytechnicians by unscrewing the bolts from both theedend and non
drive end stator plates leaving two assemblies to be tested separately as it is sh@wn in
2.9. The generator was not furtherly split after this step.

®w  ©

Fig. 2.9. (a) Stator and shaft assemblies; (b) stator assembly and (c) shaft assemblies.

The systematic validation of each of the elements of the generator is carried out by following
the flowchart sketched ifrig. 2.10. As can be seen, the structure is firstly tested before

building the FE model. The last step of the validation consists of matching the behaviour of
the FE model to the real behaviour seen in the test results.

1 B. FE Results __': Natural frequencies
I
]

I
I i
H 1
i i i 1 1
i._ A. Test Results - Initial material properties | H : - Nl Tuning of H
1 . - ! ] b I—OI_. stiffness :
: @ Mesh sensitivity analysis | : 1 |
]
1 @ Initial natural frequencies | 1 : Frequency response :
1 1 1 i
! 1
! I
! 1
! 1
! 1

____________ 1 i
@ Initial vibration response | : Ein:pgin‘g
SRS 1
[ Vaidned )
I S T __________ 4

Fig. 2.10. Process of systematic validation of the each of the elements in the assembly of the 84s28p generator.

The mass of the structure is firstly measured with an electronic scale so to obtain the density
of the material the structure is made oheTdensity is calculated with the measured mass
values and the volume given by the FE model. The second type of test carried out in each
structure in this systematic validation is an impact test. In this case, the structure is suspended
from a frame usinglastic springs. The structure is then excited with an impact hammer and
the vibration response at different locations is recorded. These vibration responses are used to
spot the different natural frequencies of the structure within a frequency rangeal Sese
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setups areanalysed so to obtain a reasonable number of mode shapes in the frequency range
of study. In this particular case, the input of the hammer is not measured and only the
response of the structure is considered. This is done to allowasngxtra accelerometer to
capture the response as these are limited by the maximum number of channels of the signal
analyser which is four. It is believed the response of the structure can be better characterized
by measuring with four accelerometersé@asl of three accelerometers and the input force.

Once the real structure is tested, the FE model of this is built with the geometry and the initial
material properties provided by the manufacturer. A mesh sensitivity analysis is then carried
out so to sect the optimum mesh size to apply to the structure. The criteria utilised to select
this optimum mesh size is that the natural frequencies of the structure converge with this
mesh size. Once the most suitable mesh size is applied, a modal and a hanalgsésare
performed. In the first case this is done to calculate the natural frequencies and the mode
shapes of the structure whereas the second analysis tries to replicate one of the impact tests
previously done.

The last step of the systematic validat consists of matching the real behaviour of the
structure in the FE model. For doing this, both the natural frequencies and the vibration
response to an impact test are compared. The first comparison made is the one on the natural
frequencies. If the nasured natural frequencies match those simulated in the FE model, the
validation is continued by comparing the vibration response to an impact excitation. In the
case the natural frequencies do not match, the material properties of the structure are tuned
until the agreement is good. In particular, the stiffness of the structure is used to tune the
natural frequencies to the measured ones. This is due to the density of the material being
calculated through the mass measurement results and due to thefsfinadlet of t he Po
ratio on the natural frequencies. Furthermore, the discrepancies on the natural frequencies
cannot be due to the mesh as a mesh sensitivity analysis where the optimum mesh size is
selected has been previously carried out. Once th&ratarequencies are validated, the
vibration response of the structure is compared. If the measured and simulated vibration
responses match well, the structure is considered validated. If some disagreement is found,
the damping of the structure is tunextil both the natural frequencies and the amplitudes in

the vibration response match with the real vibration response.

2.2. TESTING PROCEDURE

2.2.1.DESCRIPTION OF THE EQIPMENT

The impact test in mechanical engineering consists of an experiment where a structure is
excited with an impact hammer, like the one showign 2.11, and the vibration response of

the structure is recorded via some accelerometers placed onto the structure. The aim of this
test is to obtain the frequency response of the structure and to identify the natural frequencies
and its correspondent mode shapBg hitting the structure with an impact hammer, the
frequency response of the structure is obtained as the frequency domain signal of an impulse
in the time domain is a constant value. Therefore, the impact test simulates an excitation of
the structure bconstant amplitude and variable frequency over a large range of frequencies.
This range of frequencies depends on the tip used in the impact hammer. Furthermore, in
order to properly carry out the impact test, the structure needs to be suspendedmvgshaspr
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this allows the structure to vibrate freely without any interaction from the surroundings,
hence, eliminating any possible boundary condition.

In the case of this thesis, several impact tests were carried out to obtain the frequency
responses of thprototype and of all elements which form the assembly. These frequency
responses are utilised to mechanically validate a FE model of the generator.

The impact hammer is one of the most important elements needed to carry out this type of
measurements. tonsists of a hammer equipped with a transducer which is used to connect it
to a signal analyser. This allows measuring the force applied to the structure, and hence,
calculating the Frequency Response Function (FRF) or transfer function of the structure.
Every impact hammer can be used with different tips with which to hit the structure, e.g.
metallic, rubber, hard rubber. The type of tip to be used depends on the surface of the
structure on and on the frequency range of study.

(b)
Fig.2.11. (a) Impact hammer and (b) hammer tips used to mechanically excite the structure.

Apart from the impact hammer, a shaker can also be utilised to do this type of experiments. A
shaker is a piece of equipntamhich excites the structure with a sinusoidal force constant in
amplitude and where its frequency can be varied over a large frequency band. The testing
procedure is analogous to using an impact hammer. In this thesis, due to its simplicity of use,
an inpact hammer was used to carry out the mechanical validation of the prototype instead of
the shaker.

(b)
Fig. 2.12. Shaker that can also be utilised to mechanically excite a structure.

An accelerometer is a sensor which measures the acceleration of the structure in a specific
location. These items are usually stuck onto the structure by using some sticking material e.g.
wax, glue. Two main types of accelerometers are normally used:-aaaoand triaxial.

The moneaxial accelerometer measures the acceleration in one direction of the space
whereas the traxial one does it in the three directions of the space. The first one needs only
one channel of the signal analyser whereas the lagteds three of them. In the particular
case of this thesis, only motaxial accelerometers are utilised. Every accelerometer has a
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specific sensitivity which defines the accuracy of the instrument in capturing accelerations. In
this particular case, thessitivity of the accelerometers used is 1.02mVAm/s

Fig. 2.13. Elements needed to record the vibration response of the structure. (apkanaccelerometer; (b)
tri-axial accelerometeand (c) wax to stick the accelerometers onto the structure.

A signal analyser is also needed to carry out a hammer test. It records the responses of the
structure in both the time and frequency domains. The responses are captured in the locations
where he accelerometers are placed on. Furthermore, the signal analyser can also record the
force made by the impact hammer by connecting its transducer to one of the channels. In the
case of this thesis, andhannel piceScope series 4000 like the one presgmteFig. 2.14

was used in every impact test. Only five of the eight channels were used in this case, one for
the impact hammer and four for the four accelerometers. The reason of not utilising all the
possible channels of the pi&cope was due to the limitation in thember of channels of

the amplifier.

(@) | (b)
Fig. 2.14. Two different picescopes used during testing. (a) Series 2000 and (b) series 4000.

One of the advantages of using a p®wope instrument is the ease of obtaining the measured
data as this can be directly connected to a computer via an USB connector. This tool also uses
a software which enables modifying different settings of the t&st fliequency range,
number of samples recorded or triggering options. It also allows presenting the data in both
the time and frequency domains. A typical screenshot of the softwar&Spaqee is presented

in Fig. 2.15 where the time and frequency domain signals of the impact hammer and two
accelerometers are shown. Several testing options are also presented in the right hand side of
the figure.
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Fig. 2.15. Screenshot of the piestope software which records the input and outputs of the experiment in both
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the.tir.ne.(top) and frequency (bottom) domains.
In order to properly carry out an impact test, the structueds& be suspended with springs

The role of the springs is to allow the structure to vibrate freely when excited by the impact
hammer without any interaction from the bounds. In order to do that, the springs need to
work in their linear elastic zone asme nonrlinearities could be introduced if the plastic

zone is reached. This will have a negative impact on the measurement. Due to this restriction
several springs with different lengths, thicknesses and stiffness need to be used so to suspend
the diffeent elements of the assembly which have different weights. Some of the springs

used can be seenhiig. 2.16.
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Fig. 2.16. Different springs used to carry out the impact testing
Before the measured signals from the sensors are fed into th&qupe, thee need to be
processed first in a signal conditioner. This is of particular importance when measuring
structural vibrations. For that reason, a 482A22 PCB Piezotronics signal conditioner is
utilised between the accelerometers and the -Bmmpe stage. Téisignal conditioner
presents four channels and has a unity gain which does not amplify the signals from the

sensor. The front and rear views of the signal conditioner utilised are sh&wgn 217

Fig. 2.17. (a) Front and (b) rear views of the signal conditioner used in the impact test
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2.2.2.POST-PROCESSINGOF THEDATA

The way & the equipment is typically placad shown inFig. 2.18. The structurd¢o be tested

is suspended from a framgth some springsvhich allow its free vibrationSeveral sesors

are attached to the structure at the locations where the vibration response wants to be
recorded before exciting the body with the impact hammer. Once the structure is excited, it
vibrates and the responses at the different locato@presentecn the computer using the
pico-Scope softwareThe measured data in both the time and frequency dsmoaim be
exported for further pogtrocessing.

Springs

Fig. 2.18. Typicalsetup to carry out ampact test.

The datain the time domairobtainedin the test needs to be pogirocessed in order to
convertit into the frequency domaif.his is due to the data in the frequency domain obtained
straight from the picéscope is not provided in engineering uritg interms of the voltage
captured by thesensor Furthermore, this data in the frequency domain is also provided in
decibel units. Due to this, the data in the frequency domain obtained straight from the pico
Scope is considered as invalid and some furthet-grogessing is carried aulhe post
processingf the signalss done in four stepas shown irFig. 2.19. Theraw data needs to be
firstly multiplied by the correspondent sensitivityttansform itfrom voltageunits (m\+V)

to engineering units (nf4N). In this particularcase the sensitivity of the accelerometers
usedis 1.02mV/(m/é) and2.25mV/N in the case othe force hammerOnce the datés in
engineering units, it i€ut so only the vibration response is utilistd do the FFT.This
implies removing the data recorded before impacting the structure and the one captered
the vibration response is fully oged.The laststep of the posprocessings to do the FFT

of the remaining dattb obtain the correspomd) frequencydomain response.

In order to study how the FFT is affected by the amount of data utilised from the time domain
signal, two analyses amarried out. In the first analysis, the location of the initial data point

is varied from 0% up to 50%. The reason for choosing the location of 50% is due to the
impact of the hammer always being at this location. This was set up to be this way in the
trigger options of the pie8cope software. This initial data point is named as A. Once the
most suitable initial point is selected, a similar study is performed for the final data point. The
location of the final point is, therefore, varied from 50% of thialtamount of data up to
100%. This analysis will show which final point of the data is best to carry out the FFT. The
final data point is named as B.

80



1.00 1,000

0.75 4 750 +
_ 050 A = 500
2 <
= 0.25 E 250 -
2 =3
= =]
E 0.00 2 0
g 0.25 k] =250 A
g 8
-0.50 < .500 -
-0.75 -750 -
-1.00 T T T T T T T T -1,000 T T T T T T T T T
2.5 2 15 1 0.5 0 0.5 1 15 2 25 -2.5 2 15 1 0.5 0 0.5 1 15 2 25
Time (s) Time (s)
(@) (b)
1,000 2.00
750 A 175
5 200 A _ 150
@ &
E 250 £ 12
£ =
g ° g 1o
= H
§ -250 Eons
g
<
-500 050
=750 -+ 025
-1,000 T T T T T 000 ) i
-0.05 0 0.05 0.1 0.15 0.2 0.25 0.3 0 500 1000 1500 2000 2500
Time (s) Frequency (Hz)
(©) (d)

Fig. 2.19. Procedure opostprocessing the data obtained from the sengajsRaw data in voltage units; (b)
data in engineering units; (c) chopped data to carry out the FFT of the signal and (d) data in the frequency
domain after carrying out the FFT.

1,000 1,000
750 750 -
g 5% 7 5 500 -
- ~
£ 250 E 250
S 5
2 0 2 o |
< o]
@ -250 @ -250
Q o
< -500 | < 500 |
-750 - =750
-1,000 ‘ ‘ . . ‘ T ‘ ‘ ‘ -1,000 : ‘ ‘ T ‘ ‘ ‘ T ‘
25 -2 -15 -1 05 0 05 1 15 2 25 25 -2 -15 -1 -05 0 05 1 15 2 25
Time (s) Time (s)
(a) (b)
1,000 1,000
750 N 750 -
a‘ 500 = 500 4
E <
£ 250 A E 250
= =
S 9 J b
5 0 g ¢ r
S -250 g 250 1
E < 500 |
-500 - )
750 4 -750 A
-4,000 ——F——F——F———F——F—T— 11—
-1,000 ' ' ! ' ' ‘ ‘ ‘ 25 -20 -1.5 -1.0 -0.5 0.0 05 1.0 15 20 25

-25 -20 -15 -1.0 -05 00 05 10 15 20 25
Time (s)
(©) (d)
Fig. 2.20. Time domain signals of the vibration response of the structure for diffleredifferent locations of
points A and B(a) A=0%; B=100%; (b) A=25%; B=100%; (c) A=50%; B=100% and (d) A=51%; B=100%.
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Fig. 2.21. Effect oflocation of point Aon the FFT waveform.

Fig. 2.20 shows different time domain signals where the initial data point A is varied while
keeping the final data point B fixed at 100%. In particular, the cases where A is at 0%, 25%,
50% and 51% are considered. Furthermdtig, 2.21 presents a comparison of the FFT
waveforms obtained for the different cases considerédgin2.20. From those results it can

be concluded that if the impaof the hammer is missed I®glecting point Aat alocation
further awaythan 50% of the length of the data, the FFT is considerafdgtatl. However

if the moment of the impact is not missedd®fecting point Aat a position lower than 50%

of length of the data, the FFT waveform is clearly seen and the natural frequencies of the
structurecanbe easily spottedMoreover, itcan also b concludedHat the closepoint A is

to 50% of the datathe larger the peaks the FFT waveform are. This is also showrFig.

2.22 where the value of the maximum peak of the FFT wavefowhich happens at a
frequency of around 1800HZs plotted versus théocation of point A The maximum
acceleration is obtainedhen point A is locateét 50%before droppingdrasticallyfor the

rest of tle casesThis drop iscaused bymissing the moment of the impact which is where
most of the information of the vibration responseprissentIn the case of this thesggint A

is fixed at 48% of the measured dalae reason for selecting this positiar point A sdue

to beingsignificantly close to the maximum as the same time as being relatively far from the
dragic drop which happens at 50%. This position for point A will be, therefore, used in every
measured data which needs of ppsicessing.
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Fig. 2.22 Effect of the positiorof point Aon the maximunacceleratiorvalueof the FFT at a fixed location of
point B at100%

Once theoptimum position for As decidedthe most suitable position for poiBtalso needs
to be selectedSimilarly to the previous study, several time domain signals are considered.
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Fig. 2.23 presents the cases where point B is selected ateatitfdocations while keeping

point A at the most suitable location. This was concluttetle at 48%. In particular, the

cases where point B is located at 51%, 55%, 80% and 100% are considered. The FFT
waveform comparison of these considered cases is @lottgg. 2.24. This figureshows that

the largest accelerations in the FFT waveform are obtained in the case point B is located at
51%. However, it should be noted thiaé ripple of the waveform is also increased compared

to the other cases of the study. This is the reason why 51% is not selected as the most suitable
case to locate point B.
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Fig. 2.23. Time domain signals of the vibration response of the structure for different initial cutting. fmjnts
A=48%; B=51%; (b) A=48%; B=55%; (c) A=48%; B=80% and (d) A=48%; B=100%.

Fig. 2.24. Effect of the psition ofpoint Bon the FFT waveform.

Fig. 2.25 shows the amplitude of the maximum acceleration of the FFT waveform, which
happens at around 1800Hz, versus the location of point B. Point A is fixed at 48% whereas
point B is varied from 50% to 100%. This graph shows that the maximum acceleration
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