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MODELING AND FORCED VIBRATIONS FOR A UNIVERSAL ELEC TRIC
MOTOR

SUMMARY

Nowadays, electric motors are the most common mashwhich are used almost all
machine in order to provide mechanical power. Smlity, reliability and life span
of electric motors directly influence machines whtre electric motors are used. As
a result, vibration and acoustic properties of teleanotors take over in order to
decrease total noise and vibration problems imthehines.

The aim of this study is modelling a reliable nuitarmodel of a universal electric
motor in order to investigate the effects of thechranical and electrical forces on
the dynamics of the electric motor.

In this context, every parts of the electric mosoe modelled as a FE model and
these models are validated by experimental modallysis. After this study, all of
these models are assembled in the MSC ADAMS. S fiibration numerical
model of the electric motor is created. One stefhéu of free vibration model is to
compose a forced vibration model which containsadyic forces created by both
electrical and mechanical manner.

A test rig is designed in order to validate thisnamical model. Effects of dynamic
forces are investigated and forced vibration nucaérmodel is improved on the
basis of experimental data.
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UNiIVERSAL ELEKTR iK MOTORUNUN ZORLANMI S
TITRESIMLER ININ SAYISAL MODEL ININ KURULMASI

OZET

Elektrik motorlari ginimuzde neredeyse her turliazive makinalarda vazgecilmez
olarak kullanilan mekanik gic¢ &ayici elemanlardir. Dolayisi ile elektrik
motorlarinin kalitesi, guvenigi ve Omri bu motorlari kullanan makinelerin
kalitesini dgrudan etkilemektedir. Bu lgamda elektrik motorlarinin titsem ve
gurultd anlamindaki 6zellikleri 6n plana ¢ikmaktadi

Bu calsmanin temel amaci, elektrik motoru dingmde etkili olan mekanik ve
elektriksel kaynakl zorlanmititresimleri tahmin edebilecek guvenilir bir model
ortaya koymaktir.

Bu kapsamda motorun herbir parcasinin ayri ayruseleman modeli ogiurulmug
ve bunlar deneysel modal analiz ile giincellestimiDaha sonra motor elemanlarin
guncellenmy bu esnek modelleri MSC ADAMS programinda montelnedtir.
Herbir gamada yine deneysel modal analiz ile modeligralogu hem kontrol
edilmis hem de gerekli giincellemeler yapigtm. Motorun serbest titggm modeli
elde edildikten sonra, motor uUzerinde kuvvet Ureekilerin modelleri elde
edilmistir. Bunlar kabaca mekanik ve elektriksel olaradtesmi uyaran bilgenlerdir.
Bu etkilerin modele eklenerek zorlanmitresim modeli elde edingi incelenmg ve
tasarlanan test duzefidaz alinarak gerekli dizenleme ve dizeltmelerlyagptir.
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1. INTRODUCTION

1.1 Problem

Electric motors are essential components in marpliGgtions as they provide
mechanical power to many machines. Also, it is e@sybserve that dynamic
properties of the electric motors have major effeah the dynamic behavior of
machines.The sources of forces in the electric mate generally classified as
mechanical and electrical. Although the effectslgiamic forces in electric motors
can easily be observed and measured, it is diffifmulestablish precise locations
where these forces emerge and to quantify thesendignforces causing the
vibrations and noise. As a result, there are somkl@gms at this stage to answer this
type of questions. These questions are especialtpsed on observation of
vibrations caused by electromagnetic effects asd alodeling of electromagnetic

forces that lead to these vibrations.

1.2 Literature Survey

Generally, the vibration and noise investigatiomsao electric motor are coupled
physic problems (Figure 1.1), starting from thec&temagnetic force excitation,

computing the mechanical deformation and concludimghe estimation of the

radiated audible noise [1]. The central part of twmputational chain is the
electromagnetic field computation. These excitestlagor of the machine resulting in
vibrations. The periodical oscillations of the miaels surface is decoupled and
radiated as disturbing audible noise [2]. There smeeral studies in the literature
associated with modeling of electric motors in termf vibration and noise

perspectives. These can be classified as analytmaherical and experimental
studies. Due to the complex nature of the probléw®,number of analytical studies
are quite limited compared to to those of numeriaatl experimental studies.
However, there are extensive literature on the iegipdns of the finite element

method to the analyses of electrical machines [3].
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Figure 1. 1 :Prediction of the magnetic noise in a DC electrmator [1].

In reference [4], both numerical and analytical rapphes are used to describe the
electromagnetic problems. In this manner, it isedrto take advantage of inherent of
using analytical expressions and the versatility attributes of the Finte Elemet
(FE) methodF. Ishibashi et. al. [5] calculated the flux distriion of a motor by
finite element method (FEM), and from the resultshis study, they analysed flux
density over the motor’s radial direction in sparel time domains. The vibration
behavior of the motor caused by electromagneticefoiis simulated using FEM for
structural analysis. The modes and amplitudes ofation provided by these

calculations are then compared with experimengallte.

Figure 1. 2 : The electromagnetic FE model [5].

Most of the studies [5,6,7] in this field are penfied in two dimensional space
because of its simplicity with respect to 3 dimensi analyses. Martin et al [6]
built-up 3D FEM models for the magnetic force cétion. But they indicated that
most authors who deal with the structural dynamiss 2D models of induction
machines in the magnetic field calculation (Ishiba al, 1998) and they also added
that the reason for the limited use of three-dinmrad (3D) models is probably due
to the structural complexity of the real electriachines and the fact that the results
obtained via 2D analysis (Jang and Lieu,1991) faudy good vibration predictions.
Nevertheless, some researchers (Wang and Lai,J889gnted good examples of



3D dynamic models validity of which were also testesing experimental
results.They also extended their research to acausideling (Lai and Wang, 1999).

Figure 1. 3 :The system types in modelling field. 3D FE electagmetic
model, stator (on the left) and rotor (on the rjgii.

Whenever possible, it is desirable to use 2D tephes as they allow reducing the
analyst effort and CPU time numerical effort anduding more physical aspects in
the model. On the other hand, the results thatbeanbtained from a 2D structural
dynamic simulation of electrical machines may bmitikd, due to 3D effects that
cannot be captured in 2D analyses. A detailed atialu of both appraoches, a
comparison of their strength and weaknesses asasedl numerical comparison of
accuracy and computational effort are given in rexfee [8]. Reference [8],
compares 2D and 3D coupled electromagnetic andndignaimulations of various
types of machinedn [8], it is stated that numerically weak or stgoooupling are
two types of approaches (Figure 1.4) generally sstbpBut each of these
approaches has its own advantages and disadvantdge®rically weak coupling
allows for using different grids, on which the @ifént problems are solved. On the
other hand, a strong coupling allows for an effitienplementation of reaction and
close interaction between the solution quantitlésing this technique, additional
aspects, such as magnetostrictiand the influence of the deformation on the

electromagnetic forces, can be taken into acc@]nt [

! Magnetositriction is a property of ferromagnetiaterials that causes them to change their shape or
dimensions during the process of magnetization.



Table 3.1: Comparison 2D/3D simulation.

Structural-Dynamic-Simulation

2D 3D
fast slow
easy mesh generation (quads) complicated meshaj@mer
frequency band selected frequencies
no 3D mode shapes full 3D mode shapes
no consideration of rotor consider rotor vibration
no coupling to acoustics coupling to acoustic satiah

strong coupling and magnetostriction o
only weak coupling implemented so far

possible

Electromagnetic Structure-Dynamic Acoustic

Problem Problem Problem

(FEM) (FEM) (BEM)
2D Simulation 2D Simulation
— Weak Coupling
2.5D Simulation Strong Coupling
(Multi-Slice)

3D Simulation : 3D Simulation 3D Simulation

Figure 1. 4 :Overview of simulation methods [8].

If an electrical machine, is homogenous in the ladisection and if its axial
dimension is sufficiently small compared to itsrdeter, it is then possible to use 2D
electromagnetic FEM to obtain the field distribatidcor machines, of which the
cross section is only varying slightly with respéetthe axial direction, the Multi-
Slice-Method (MSM) can be applied [9]. Due to athigtio between accuracy and
computational effort, the 2D or 2D MSM has becomestandard for the
electromagnetic simulation of electrical machin€&AKAMOTO, et. al. [10]
described a method to calculate vibrations duddatr®magnetic forces for rotating
electric machines. This method has an ability d€udating the vibration spectrum

due to higher harmonics of electromagnetic foreesitis verified by comparing the



calculated and the measured results. Using thidysisamethod, complicated

dynamic behavior due to eccentricity is calculated.

Figure 1. 5 :The system types in modelling field. Analysis moaleinduction
motor(This model has about 3000 node points)[10].

The frame, stator core are divided into shell elesand rotor is modelled by beam
elements that have the equivalent mass and stffireed structures (Figure 1.5). The
main concept of analysis method used in this $fiijyis the combination of 2D

magnetic field analysis and 3D vibration analyB. magnetic field analysis shows

electromagnetic forces in the radial direction stator core (Figure 1.6).

Figure 1. 6 : The system types in modelling field. Mesh divisfonmagnetic field
analysis. (This model has about 6000 node poih@) [

In many studies [11,12] simulations are implementethe MATLAB/SIMULINK

software package. Liang et al [11] aimed to ingzd8 whether induction motor
operational simulations with general equations @¢do¢ used for monitoring and
fault diagnosis of such motors. They showed thg¢eralized motor model can be

used to simulate induction motor faults to a higlgree of accuracy (Figure 1.7).

In reference [12], based on the design data, andgnenodel of universal motors,
was developed. After the development of the madtea model, a simulation
model based on the Matlab-Simulink was derivedfadL.8). This allowed for the



determination of the waveforms of the speed, ctiragn torque of the machine for
different operating conditions.
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Figure 1. 7 :The sytem types in modelling field. Simulation diealty
motor during start-up [11].
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Figure 1. 8 :Block diagram of a universal motor [12].

In addition to the modelling studies of electrictors described in previous section,
there are also studies focussing on mechanicetfetaagnetic vibration and noise.
In reference [13], an analytical model has beempg@sed for predicting the vibration
frequencies of rolling bearings and the amplitudes significant frequency
components due to a localized defect on outeriraes/race or on one of the rolling
elements under radial and axial loafsakmak, andSanhtirk [14] developed a

dynamic model of a rotor-ball bearing system in M&DAMS commercial



software. It is aimed to create a new model footarrbearing system, which can
demonstrate not only the vibrations generated Iwalhbearing itself, but also the
effect of the flexible shaft and rigid disc strugwn the resonance characteristics of
the system. A numerical model of a ball bearingahis capable of representing the

effects of bearing defects and internal cleararcespresented (Figure 1.9).

Figure 1. 9 :Model of ball bearing created on MSC ADAMS [14].

In reference [15], a numerical model of 2-hp peremrmagnet motor is presented
by taking into account of magnetostriction effeah iaddition to other
electromechanical forces. Magnetostriction formescalculated by expension of the
free body due to magnetostriction based upon thgnetec flux density. Figure 1.10
(&) shows stator deformation from the coupled tearis magneto-mechanical
solution at six rotor positions without the magmétiction effect. Figure 1.10 (b)
shows the stator deformations with the magnetastniceffect added at the same
rotor positions of Figure 1.10 (a). The resultd1B] indicate that magnetostrictive
forces are significant and mut be accounted foth@ electromagnetic system’s
design stage. Don-Ha Hwang, et. al. [16] presesgsits of a finite element (FE)
analysis and experiment of airgap flux variationnduction motor under conditions

of rotor eccentricity.

Figure 1. 10: Stator deformation from the coupled transientiBoh (a) with
and (b) without magnetostriction [15].
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Figure 1. 11 :a) Vibration analysis model with inserted searciscb) search
coil-typed flux sensor [16].

On the modelling side an accurate modelling andyaisaof rotor vibration in the
motor are made using air-gap flux simulation (Feggar12). On the experimental
side, search coils are used for measuring the lantagnetic flux (Figure 1.11).
Induction motor vibration is simulated and seardiiscare designed and inserted
under the stator wedge of the motor. FE analyssilt® are compared with
experimental test results [16]. Reference [17]senés the analytical characterization
of Maxwell radial vibrations due to saturation etfein induction machines. Effects
of some parameters such as stator and rotor slotbexs and stator natural
frequencies on magnetic noise are investigatedces|yeduring starting and braking
period. In order to avoid saturation magnetic nosgsdormulation is proposed and
applied to an industrial motor. Applied formulatipropose that a numerical relation
between number of rotor and stator slots and paies gor a succesfully design in
terms of noise in induction machines. Results amews in Figure 1.13.

Approximately a 5dB improvement is achieved in nmetgnnoise.
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Figure 1. 12 :Induced voltages from search coils under eccetytrocinditions [16].
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Curiac, and Singhal [18] discusses the theoretmahdations for various causes of
electromagnetic noise generation and practical ateslu techniques for new or
existing motors. Numerical results are given forrimMas stator-rotor slot

combinations and slot geometries. Theoretical ptexiis are also compared with

measured data.

Besnerais and Brochet [19] proposed that two methoaosh be used to avoid high
levels of magnetic noise: the first one requiresiding resonances by properly
choosing the slot combinations that have an infleean both the exciting force
frequencies and spatial order. A second methodistsnef reducing the exciting
forces magnitude by choosing the slot geometry gnigp The effects of the slot
combination on the acoustic noise is calculatedrbpccurate computational method
in reference [20]. The moving of the rotor and eddyrents are also taken into

account in the FE method.

Reference [21], aims to eliminate squeaking naisa permanent-magnet DC motor.
Analysis on noise spectra of motor is performedsdslaon noise spectral analysis,
the authors found that apart from some mecharssaies, such as the shaft strength
and bearing system, the main reason for the prmoudf this squeaky noise is
attributed to the presence of unbalanced magnati@alr force, which is caused by

the asymmetrical air-gap field distribution in timetor being studied.
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Figure 1. 15 :Noise spectrum during running up [21].

From the magnetic field analysis, it is found tfatthis kind of motor, its magnetic
field distribution in the air gap is asymmetricigure 1.16 (a) shows the field flux
line distributions at no-load, and Figure 1.16gbdws its field distribution in the air
gap. Consequently, an alternative design with amandy slot or punching hole in
the center of the rotor tooth is proposed, as shiowFigure 1.16 (a). The improved

method is validated by test results [21].
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Figure 1. 16 :No-load field distribution, a) traditional PMDC gweetry, b)
proposed design [21].

Another study [22] describes a simple analytical deiofor calculating the
unbalanced magnetic pull generated in a three pbage induction motor. It is
observed that skewing the rotor increases the @nbed Magnetic Pull (UMP)
and, in addition, it is necessary to include highsggace harmonics stator
Magnetomotive Force (MME)waves to obtain accurate UMP calculation. Akéil,
Orhon and H.T. Belek [23] investigated the sourgksibrations of a chimney gas
fan. They performed vibration measurements dunumgup and run down in order to
separate magnetical-based vibrations from thatesfhranical-based.

Figure 1. 17 :Measurement set-up of electric motor of chimney fgas b) ru-up
measurement of system, b) run-down measuremenstdma [23].

2 Non-uniform air gap flux density occurs due to #ueentric rotor which causes a radial force in the
direction of greatest flux density(smallest air gaphis radial force has been referred to in the
literature as unbalanced magnetic pull (UMP).

¥ Magnetomotive Force (MMF) is any physical drivifrgotive) force that produces magnetic flux.
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1.3 Objectives And Scope Of The Thesis

The main purpose of this thesis is to develop @bkl numerical model of a
universal electric motor in order to understand dyaamic behaviour of electric
motors under the actions of the mechanical andredacforces. The effects of any
design changes to the dynamics of the electric mc#o be easily observed with
such numerical models. Consequently, reliable nigalemodels of electric motors
can be used to for designing better electric maaadscan help to reduce the number
of prototypes during the development stage. In¢bigtext, the works that need to be

carried out in this thesis are summarized below as;

1) To build finite element models of individual pax$ an electric motor and
validate these finite element models by means péemental data.

2) To assemble these finite element models by usimpgogpate software and
obtain dynamic model by adding the effects of dyicdiorces.

3) To simulate operating conditions of electric maod determine the vibration
characteristics.

4) To validate the forced response model.

5) To investigate some parameters which affect theatitn characteristics of
the electric motor.

This study is consisting of six steps. First, objes and scope of the thesis are
discussed and literature survey is presented. €lieal background of the thesis is
investigated as a second step. In the third andH@iep results of experimantal and
numerical studies are reported separately. Compeisef these results are discussed
in the fifth step. In the last step of the thesienclusions and suggestions are

criticized.

In the first chapter of the thesis, problem aimetheé solved, purpose and also scope
of the thesis are described. Literature survey alimel topic is presented. Studies
available in the lierature that are about modellelgctric motors and sources of

mechanical/electromagnetic vibration/noise are stigated.

In chapter 2, thoretical background of this stuslgummarised. First, the principles
of the electromagnetism is investigated as it isessary to understand the basic
design principles of electric motors. After thdtetoperating principles of electric

motors are briefly described and vibration and esisurces mostly encountered

12



in electric motors are presented. Last part of ¢hespter presents basic theory behind

order and modal analyses.

In chapter 3, experimental studies are presentedonsist of FRF analysis,
Campbell and order diagrams of current and acdedaraneasurements. A test rig
used for measurements of electrical motor and getaf this measurements are

explained and results are discussed.

In chapter 4, the steps of numerical modelling esscis discribed in detail. The
finite elements (FE) models of individual comporsenf motor and the results of
numerical modal analyses of them are shown. Thenased model of the electrical
model is introduced. A simple model which explaieaimanisms of electromagnetic
vibrations of electric motor. Results obtained fremple model are discussed and
presented simple model is applied to the motor deced vibration model and

analysis results in terms of campbell diagramgagsented finally.

In chapter 5, the data obtained from the measuremare assessed and the
numerical model is improved in the light of thispeximental information. The
validated model is subjected to modal analysesth@dnodal results obtained from
both experimental and numerical models are compameterms of frequency

response functions.

After the model is validated for the non-rotatir@se, the dynamic simulations are
performed. The simulation results are processeld $ftort Time Fourier Transform
(STFT) technique. Campbell diagrams obtained fowthlkihe numerical and the

experimental models are compared.

In the last chapter of the thesis, assessmenteo$tiidly and suggestions for further

studies are introduced.
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2. THEORY

2.1 Principles of Electromagnetism

2.1.1 Electricity and electromagnets

Materials that can be magnetized are called fergme@c (Figure 2.1). These

include iron, nickel, cobalt, some rare earth nsetald some of their alloys.

North geagraphic pale
P

l ) ‘.\u‘-uh [|-°..'}g.lr:l§|f‘ll-'. |'!'!I|E..
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Figure 2. 1 :a) Permanent magnet and its magnetic field, bhsamagnetic field.

When electricity is applied to an electrical contduc magnetic field is created
around the conductor (Ampere’s Law). Here, the metignfield fluxes are
constructed as a circumferential ring around tlextdtal conductor (Figure 2.2).
The direction of this magnetic field is dependenttioe direction of the electricity.
An electromagnet (Figure 2.3) is made from a cbwoe which acts as a magnet
when an electric current passes through it, bstdps being a magnet when the
current is cut-off. Often an electromagnet is weppround a core of ferromagnetic

material like steel, which enhances the magnetid foroduced by the coil.

When the wire is wound into a coil, all the flurdis produced by each turn of wire
join up and form a single magnetic field around ¢bd. The greater the number of

turns of the coil, the greater the strength ofrttagnetic field (Figure 2.4).
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Figure 2. 2 :a) Concentric magnetic flux around a cur-carrying conductor, k
distribution ofthe metal particles around a curreatrying conductc
[41].

Figure 2.3 : Electromagnet without core.

Quite apart from strength, the advantage of ha@nmagnetic field created by
currentearrying coil is that it makes it possible to resgethe poles of the magnet
reversing the direction of the curr (Figure 2.5) This ability to reverse the poles
precisely the method uséal create mechanical ene in electric machine.

DCVohage oy W V '.r'f‘a:-‘m-wl':'*'“ Y va“"'

i Tima U toTums

Figure 2. 4 :Electromagnet with iron core and rion between number of turns a
magnetic flux{42].
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Figure 2. 5 : Relation betwenn direction of electrical currendaglectromagnet
poles[44]

2.1.2 Interaction between electric current, magneti field and movement

It is shown in Figure 2.6 that there is a defimékationship between the directions of
the magnetic field, the current-flow, and the resmutl force. The main parameter is
the direction of the current flow. Two viewpointseaavailable in the technical

literature. The modern viewpoint is that curremifl consists of negatively-charged
electrons that leave the negative terminal of therce and complete the circuit by
returning to the positive terminal. This is knows @n electron current. However,
many electrical phenomena have been dealt witinBory years in terms of the older
concept in which current is assumed to flow from plositive terminal of the source
and returned to the negative terminal. Current ftlescribed in this way is known as

a conventional current.

Figure 2. 6 :a) The left hannd rule for conventional currentfl¢gfrom ‘plus’ to
‘minus’), b) the right hand rule for electron vumtdlow (from ‘minus
to ‘plus’) [41].
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Besides indicating a third operational feature daftens when two of them are
known, another characteristic is revealed by thedhales. Maximum motor action
occurs with the magnetic and the current-carryiogdeictor perpendicular to both,

the field and the current. This is known as thaagbnal relationship.

Figure 2. 7 :Motor action exerted on current-carrying conduataa magnetic field
[41].

In addition to the physical motion of the curreatfging conductor in Figure 2.7, a

voltage is also induced in the conductor. This siameous behavior as a generator is

the practical manifestation of Lenz’'s Law. In a ge, it tells us"an induced

current isalways in such a direction as to oppose the motion or change causing it".

2.1.3 Faraday’s Law and Lenz’'s Law

Faraday’'s Law explains the electromotive force Wheobtained by induction. Any

change in the magnetic environment of a coil okewill cause a voltage (emf) to be
"induced" in the coil. No matter how the changeieduced, the voltage will be
generated. The change could be produced by chatiggnghagnetic field strength,
moving a magnet toward or away from the coil, mgvihe coil into or out of the

magnetic field, rotating the coil relative to thagnet, etc.

According to the Induction Law, the induced voltage coil is expressed as;

d¢
dt

€=- (2.1)
e induced voltage

N: number of turns

@ magnetic flux

t: time
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Negative sign at theeginning of the equation 3.1 was placed by Letzs &ddition
is known as Lenz’s Law. When an emf is generated blyange in magnetic flux, t|
polarity of the induced emf is such that it prodieecurrent whose magnetic fie
opposes the changehich produces it. The induced magnetic field insdg loop of
wire always acts to keep the magnetic flux in thepl constant. In the exampl
below (Figure 2.8), if the field is increasing, the induced field acts in ogiion to
it. If it is decreasig, the induced field acts in the direction of the applfield to try

to keep it constant.
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Figure 2. 8 :An induced electromotive force generate a curregit & counte
magnetic field that opposes the magnetic field gating the current
[48].

2.1.4Electromagnets and acource

When the direction of current flow through the elestagnet changes, the polat
of the electromagnetiso changesThe polarity of an electromagnet connected t
AC source will change at the same frequency adrdwguency of the AC sourc

This can be demonstrated in the following illustat(Figure 2.9.

When a conductois movedthrough a magnetic fieldd voltag is induced into it.
This electrical principle is used in the operatiwinAC induction motors. In th
following illustratior (Figure 2.10)an electromagnet is connected to an AC pc
source. Secondlectromagnt which is in a separate circu# placed above it. The
is no physical connection between the two circ
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Figure 2. 9 :Condition of the polarity of an electromagnet casied to an AC
source. [42]
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Figure 2. 10 :Voltage induction on the electromagnet by meams@f®ource [42].

At Time 1 voltage and current are both zero indineuits (Figure 2.10). At Time 2
voltage and current are increasing in the bottaicudi A magnetic field builds up in
the bottom electromagnet. Lines of flux from thegmetic field building up in the
bottom electromagnet affects the top electromaghemltage is induced in the top
electromagnet and current flows through it. At Tigheurrent flow reached its peak.
The maximum current is flowing in both circuits.elmagnetic field around the coil
continues to increase and decrease as the alteynairrent continues to increase
and decrease.
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Figure 2. 11 :Voltage induction and motion [42].

As current flows in the top electromagnet it creaits own magnetic field. The
polarity of the magnetic field induced in the toleatromagnet is opposite to the
polarity of the magnetic field in the bottom electragnet (Figure 2.11). Since
opposite poles attract, the top electromagnet fwllbw the bottom electromagnet

when it is moved.

2.2 Principles of Electric Motors

2.2.1 Direct current (DC) electric motors

DC machines are the first practical devices whiomvert electrical power into
mechanical power. Inherently straightforward opetatcharacteristics, flexible
performance and high efficiency have encouragedvidespread use of DC motors
in many types of industrial drive applications [24]

Advantages of a brushed DC motor include low ihitast, high reliability, and
simple control of motor speed. Disadvantages agh maintenance cost and low
life-span for high intensity uses. DC motor has twodamental parts: stator and
rotor (Figure 2.12). Stator is a stationary pannaftors which has two main function:
one of them is to support poles and the other @nedoi provide a path for
electromagnetic field circuit which is producedfmles of motors. Poles are used to
create required constant magnetic field. This magrfeeld completes its circuit
along the stator shown in Figure 2.13.
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- Commutator
bon Brushes

Figure 2. 13 :Excitation (field) systems for DC motors a) 2-ppkrmanent magnet;
b) 4-pole wound field; c) circuit of a magneticXI[47].

As the name implies, rotor is the rotating partamf electric motor. Generally,
required magnetic field is provided by conductofsioh are wrapped around the
rotor as shown in Figure 2.14.

Figure 2. 14 :a) Rotor and b) windings of a DC motor.

Commutator (Figure 2.15) is placed at one end @frtior and, as mentioned before,

it is used for changing the direction of the electurrent applied on the rotor
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windings. Each section of commutator is connectath vane winding circuit
wrapped around the rotor. Current applied on therraindings is first pass along
brushes (Figure 2.16). These components are usgarduiding electric current to
the rotor windings via commutator. Brushes are gdlyemade of carbon based
materials. Main reason of using carbon based naddem brushes is to prevent
commutator from wearing. The reason for this ig tha brushes can be replaced

more easier than commutator.

o Brush

'\-\\
“Brush holder
b
- Cammutator

Figure 2. 16 :Brush construction of a DC motor

Brush pressure is an important parameter in mokogsire 2.17 shows relative brush
and commutator wear versus brush pressure. At l@sgspres, the wear is mostly
electrical in nature because the poor contact t®snl high-resistance spots with
localized heating and arcing. At high pressureswbar is mostly mechanical and is
due to the parts in effect grinding themselves abegause of friction losses. [25].
DC motor generates torque directly from DC poweyptied to the motor by using

internal commutation, stationary permanent magaetsrotating electrical magnets.
It works on the principle of Lorentz force , whiskates that any current carrying

conductor placed within an external magnetic festgeriences a torque or force.

23



Wear —

Eleclrical
ries Mechanical
Wear Wear
Low IDEAL HIGH

BRUSH PRESSURE —=
Figure 2.17 : Brush pressure versus wear [25].

In DC electric motorstorque is produced by the interaction between axial
currentearrying conductors on the rotor and radialmagnetic flux produced by tt
stator. The flux can be furnisk by permanent magnets or by means of f
windings. It can be seein Figure 2.18that forces created on the windings
proportional to thanagnitude of the magnetic field, electric currepplaed in the

rotor windings and also length of the rotor dings.

It should be noted thain order to obtain continuous rotational motithe direction
of thetorque created on the rotor has toin the same directioof rotationduring
one cycle ofmotion. To provide this condition, commutator isc (Figure 2.15).
Main function of commutator is to chanthe direction oklectric current in the rotc
windings. So, as a result of changing electric ent at required positions, for

directions don’wary and continucs rotational motion is obtained.

Figure 2. 18 :Schematic view of operation of a DC mo
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2.2.2 Alternating current (AC) electric motors

AC induction motors are the most common motors useddustry motion, as well
as in main powered home appliances. Simple andexugtesign, low-cost, low
maintenance and direct connection to an AC powerceoare the main advantages
of AC induction motors. Various types of AC indwetimotors are available in the
market. Different motors are suitable for differeapplications. Although AC
induction motors are easier to design than DC mpttite speed and the torque
control in various types of AC induction motors ugg greater understanding of the

design and the characteristics of these motors.

Stator
core

Figure 2. 19 :Stator core and coils of an AC motor.

In AC electric motors, electric current is only &pg to the stator colis (Figure 2.19).
Electromagnetic field created in the stator is aatationary field as in the stator of
DC motors. It has a constant rotational speed wisatalled ‘synchronous speed’
and it is calculated by formula;

(2.2)

Ng = Synchronous speed
F, = Electrical Line Frequency

P = Number of poles
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The most important difference between DC and ACamsots seen in the rotor in
terms of both construction and the way magnetid fie created. The rotor is made
up of several thin steel laminations with evenlaegd bars, which are made up of
aluminum or copper, along the periphery. In the hnpapular type of rotor (squirrel
cage rotor), these bars are connected at the eadsamically and electrically by the
use of rings. Almost 90% of induction motors hawvpiigel cage rotors. This is
because the squirrel cage rotor has a simple aggeduconstruction. The rotor
consists of a cylindrical laminated core with alyigdlaced parallel slots for carrying
the conductors. Each slot carries a copper, alumjrar alloy bar. These rotor bars
are permanently short-circuited at both ends bynsied the end rings, as shown in
Figure 2.20. This total assembly resembles the twfok squirrel cage, which gives

the rotor its name.

Conductor Bars

Figure 2. 20 :Rotor construction of an AC-motor [44].

While the magnetic field of the stator is rotatiagpund the rotor, it cuts alloy bars
which are short circuited by end rings and thidiegtprocess is naturally induced a
current in the rotor bars which give rise to thioramwn magnetic field. Two sets of
electromagnets are formed inside any motor. In @iAduction motor, one set of
electromagnets is formed in the stator becauséefAC supply connected to the
stator windings. The alternating nature of the é$pppoltage induces an
electromotive force (emf) in the rotor (just likbet voltage is induced in the
transformer secondary) as per Lenz's law, thus rgéing another set of
electromagnets (Figure 2.21). Interaction betwelea magnetic field of these
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electromagnets generates twisting force, or toréigea result, the motor rotates in

the direction of the resultant torque.

The magnetic fields of the rotor
is created by the current flow
induced in the rotor conductors

Rotating magnetic field
of the stator

Figure 2. 21 :Schematic view of operation of AC motor [44].

The magnetic field produced in the rotor naturatigs to catch up with rotating

magnetic field of stator. However in practice, hess of the loads the rotor never
reaches ‘catching up’ position. The rotor rotatesver than the speed of the stator
field. Differences between magnetic field rotatiosygeed of stator and rotor is called
as ‘slip’ which is proportional to the load. Whilead is increasing, slip increases
too. The slip is expressed as a percentage andecdetermined using the following

formula:

__N,-N
%dlip —N—RX1OO (2.3)

S

Ng = the synchronous speed in RPM
NRr = the rotor speed in RPM

2.2.3 Universal electric motors

The universal motor is a rotating machine simitarat DC motor but designed to
operate either from DC or single-phase AC. A DQanegannot tolerate AC power
because its rotational direction will reverse watfery half cycle of the power line
and it will simply vibrate in place. An  AC motoaw't tolerate DC power because,
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as it depends on the power line’s reversing curterkeep the rotor moving. The
stator and rotor windings of the motor are conrgkate series through the rotor
commutator (Figure 2.22). Therefore the universatanis also known as an AC

series motor or an AC commutator motor.

——

Current
Fower

(AC or DC)

Figure 2. 22 :Schematic view of opretation of universal motor.

When DC power is connected to a universal motag, stationary electromagnets
will behave as if they were permanent magnets hadihiversal motor will operate
just like a DC motor. It will continue turning iheé same direction because reversing
the current through the rotor also reverses theenurthrough the electromagnets.
Since the universal motor contains no permanentetagevery pole in the entire
motor changes from north to south or from southddh. Since the universal motor
always turns in the same direction, regardlessto€vway current flows through it,

it works just fine with AC electric power. Thereeamoments during the current
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reversals when the rotor experiences no torquefHautiverage torque is still high
and the rotor spins as though it were connect&te@lectric power.

T (Hm) Eff (%, 2 e
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Figure 2. 23 :Speed-torque chacteristics of universal motor.

Speed-torque diagram of a typical universal mogogiven in Figure 2.23. This
feature is similar to the DC series motors. Unigkrsotor generates high torque and
uses high current in low speeds. Generally it sdus speed range of 6000-16000
RPM. The universal motor works equally well on DEAC electric power. But
Eddy current and Hysteresis losses are seen wihie working on AC electric
power. Besides, it produces less torque and spe@€i Universal motors has high
power/cost rate with respect to the single phasemsoFor this reason the usage of
universal motor is wide in home appliances. Whemigersal motor is connected to
a 50 Hz supply for example, the (sinusoidal) curseiti change direction every 10
msec, and there will be a peak in the torque 16@4giper second (i.e.,100 Hz)
(Figure 2.24). But the torque will always remainidirectional, and the speed
fluctuations will not be noticeable because of sh@othing effect of the armature
inertia. Series motors for use on a.c. supplies aveays designed with fully
laminated construction (to limit eddy current laspeoduced by the pulsating flux in
the magnetic circuit). Commutation and sparking wase than when operating

from DC. Universal motor is perhaps the best evayyekample which demonstrates
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how a high power can be obtained with small sizedegigning for a high speed.
Other small AC machines, such as induction motas ®/ynchronous motors, were
limited to maximum speeds of 3000 rev/min at 50 (biz 3600 rev/min at 60 Hz),
and therefore could not compete in terms of poveerymit volume. The availability
of high-frequency inverters has opened up the maspf higher specific outputs
from induction motors, but currently the universabtor remains the dominant force
in small low-cost applications, because of the hungestment that has been made
over many years to produce them in vast numbers. Uriversal motor can be
controlled by a phase-angle drive, a chopper driva triac. The voltage applied to
the motor can be varied to provide speed controis &pproach is widely used for
electric drills, fans etc. If torque control is teged (as in hand power tools, for
example), the current is controlled rather than tlodtage, and the speed is

determined by the load [1].

Torgue Positive half-cyele
- ™

Load current : N Loud current

'

-

A = Time
['orque

i
AAR
Time

Figure 2. 24 :The frequency of the torque pulsation: twice the lirequency.
2.2.4 Linear model of universal electric motors

Electrical energy is converted to the mechanicakrgy by electric motors. So both
electrical and mechanical principles need to bdéuded in the model of electric
motors. The machine speed and current are congetie electrical and mechanical
differential equationsyhich leads to an electromechanical system [46¢ &tuivalent

circuit is presented in Figure 2.25.
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Figure 2. 25 :Equivalent circuit of the universal motor [46].

In Figure 3.28, the parameters are

R,: rotor winding resistance

R;: field winding resistance

L,: rotor winding inductance

L;: field winding inductance

u(t): terminal voltage

e(t): back emf

i(t): current in the machine

J. moment of inertia of the machine and load
D: viscous damping constant

T(t): electromagnetic torque

T,: load torque

w,,(t): angilar velocity of machine
Consequently, the behaviour of electric motor ipresented by two coupled

differential equations given below:

- Lo+ Ly ) 10K, Ky 10 @, (0 =R +R)IE) (2.4)

o d
KKy 20 =T, +Dagy (1) +J - can() (2.5)
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2.2.5 Vibration and noise sources in electric motsr

The sources of the noise and vibration of electrachines may be divided into three
groups, depending on the ways in which they prodinr effects. Forces of
magnetic and mechanical origins produce vibratigh®ctly in the machine
structure; aerodynamic sources cause direct pedsigtuations in the surrounding
air. In this thesis, magnetic and mechanical osigof forces are considered.

Aerodynamic sources are outside the scope of tiiy/'s

2.2.6 Mechanical sources of vibration and noise

The magnitude of the vibration or the sound produaeany position is primarily
dependent on the magnitudes of the forces thatxaded on the system and is also
dependent both on the mechanical response of thetwste of the machine and its
mountings and on the sound radiation charactesistiche radiating surfaces. These
responses depend on the frequency and the modies wbration which are excited.
Thus, a relatively large force may cause littleratlon if the frequency of excitation
is away from any of the natural frequencies of slgstem. Similarly, a relatively
small force, exciting a particular mode of vibratiof some the structure at or close
to its resonant frequency, may cause large levieioise and vibration. The noise
and vibration produced by an electric machine mayduduced, either by reducing
the magnitude of the original forces or by modifyithe machine structure and
supports and the acoustic paths. Often, more sasingdiated by surrounding
objects, which are excited by machine vibratiohgntis radiated directly from the
machine itself. It is therefore necessary to urtdacsthe vibration and sound paths
before an attempt is made to reduce the vibratmsénproduced by a machine. It is
usually better to reduce the vibration producedhiwithe machine by careful design,
rather than to use noise-reducing enclosures anchtings.
Mechanical sources of vibration/noise in an eleatiotor can be listed as;

* Unbalace

* Misalignement

» Eccentricity

* Bent Shaft

* Mechanical Looseness

* Bearing Faults
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« Commutation

In what follows, a brief description for each bése sources is given.

2.2.6.1Unbalance

Unbalance in rotating machinery is very importathigh speed rotating machinery
where reliability is a significant considerationnlélance is the most common
source of vibration in the rotating components @fchines, for example in turbo-
machinery, electric motors, drive shafts, grindivigeels and cranckshafts [26]. Mass
unbalance occurs when the geometric center andhdss center of a rotor do not
coincide.Unbalance is a so-called 1X fault (Figure 2.26gttls, it occurs at the
frequency of rotor speed, and is sometimes diffictd distinguish from
misalignment, bent rotor or cracked shaft, andhirtinvestigation of what may

cause the defect is often necessary.

For all types of unbalance

Radial Vibrations
1 % rpm
Amplitude varies proportional

lo lhe sgquare vl speed

Amplitude
(T

Frequency

Figure 2. 26 :Typical unbalance frequency spectrum [26].

Unlike normal conditions when motions are sinuskidenlinear behaviour of
bearing or pedestal in the presence of excessiws m@balance can cause truncated
motions that introduce higher-order vibrations (e2X, 3X). Due to the design of
the machine, the radial vibrations are usuallydatan those in the axial direction.
Unbalance vibration is mainly radial. For overhuotprs axial components may also

be significant, but the axial component of vibratie usually small.
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Generally, unbalance is clasified as:

 Static Unbalance

* Moment Unbalance

* Dynamic Unbalance

Static unbalance is defined as an eccentricityhefdentre of gravity, caused by a
point mass (Figure 2.27), at a certain radius ftbencentre of rotation of the object.

Static unbalance can be corrected in one planeutittunning the rotor.

r/

Figure 2. 27 :A static unbalance system [27].

In the case of a cylinder, as shown in Figure 2iBB, possible to have two equal
masses symmetrically placed about the center eftgrdout positioned at 18Grom
each other. The rotor is in static balance, i.erghs no eccentricity of the center of
gravity. However, when the rotor turns, the two sesswill cause a shift in the
inertia axis, so that it is no longer aligned wiltle rotation axis. This causes strong
vibrations of the rotor. The unbalance can onlycberected by taking vibration
measurements while the rotor is turning, and theking corrections in two planes
[28].

Figure 2. 28 :A moment unbalanced system [27].

In practice, generally unbalanced forces are cdeate the rotors due to the
combinations of static and moment unbalance arglishcalled dynamic unbalance

as depicted in Figure 2.29 Here, it is noticed thettial axis of the rotor is changing
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in every instant of rotation. To correct dynamidalance it is necessary to make the
vibration measurements while the rotor is turning & correct the unbalance in two

planes.

Figure 2. 29 :A dynamic unbalanced system [27].

2.2.6.2Misalignment

Misalignment is defined as offset of radial or alagupositioning tolerance of the
centerlines of two shafts at the power transmissibhe offset errors generate
relative motion in the form of sliding and/or bengli between the coupled
components.
There are basically two types of misalignment [26]:
1. Angular misalignment: centerline of the two shafts meets at angle wéthe
other.
2. Paralld misalignment: the shaft centerline of the two machine is paratie
each other and have an offset.
Depending on type of misalignment, the vibratioregfrencies may be
predominantly 1X for angular misalignment normatiguses 1X vibrations,

whereas parallel misalignment causes vibrationdgmenaltly 2X.

b SRR SR
N

Figure 2. 30 :a) Angular misalignment, b) parallel misalignmeha®ystem.

A misaligned rotor tend to wear in. That is afterwaile the bearing will get
deformed after the misalignment. In the spectruis th seen as the 2nd order

component will decrease and the third order wir@ase as wear develops.
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2.2.6.3Eccentricity

The shaft centerline is not coincident with theatiminal axis or centerline when the
eccentricity condition occurs. A radial unbalanges Iresponse at 1x RPM of the
eccentric rotor is produced by the eccentricity.odbthe false shaft centerline
position, the rotating body will wobble. Since tmsll produce a very directional

response, it will be easily distinguished with phasnalysis. The reasons of
eccentricity in motors are various (Figure 2.31y Ewample inaccurate bearing set-
up, a worn bearing, bent of the rotor shaft arefthquently encountered reasons.
Motors are under an excessive stress, both kindscodntricities can bring about

worn bearing.

Figure 2. 31 :Eccentricity mechanism: a), b) bearing mountingedts; c), d) rotor
deflection or rotor and stator lamination packirdedts.

Eccentricity of a rotating mechanical componenuitssin vibration at operating
speed even though the unit is in balance. Masslamt@& must be eliminated as a
cause or the eccentricity must be physically meabuo diagnose the problem

correctly.

2.2.6.4Bent shaft

A bent shaft to many extents may look like a mggatent in the spectrum. A phase
measurement for axial vibration across the shafil wlistinguish between

misalignment and bent shaft, as the bent shaftpraltluce a 180phase shift
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Figure 2. 32 :A bent shaft give rise to both axial and radiakations [29].

Rotor bow appears to be a static imbalance (FigLB2) since the phase at both ends
of the rotor is essentially the same. Installintabee weights at the rotor end planes,
however, does not solve the imbalance that reswdtm the rotor bow. This is
because an internal bending moment is created batthe center of the rotor (where
the bow is greatest) and the end planes.
The FFT will normally have 1X and 2X componentghi:

* Amplitude of 1X rpm is dominant then the bend iamé&e shaft center

(Figure 2.33).
* Amplitude of 2X rpm is dominant then the bend iamiie shaft end.

Bent shaft

1X

Axial vibrations

Amplitude

2X

Frequency

Figure 2. 33 :An FFT of a benr shaft with bend near the shaftere26].

2.2.6.5Mechanical looseness

Any rotating machine, mechanical looseness canratdiree locations [26]:

e Internal assembly looseness
* Looseness between machine to base plate

e Structure looseness
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Mechanical looseness produce a strongly distorigiks The inter harmonics (Y2,
1/3 etc.) are attributable to the fact that theséogart bounces and thus does get
excited every 2nd or 3rd revolution of the shafg(iFe 2.34).

. Loose fit
el

Loose internal assembly

2X

Radial vibrations

AMmpInuge

<
- a 1|X Eﬁ %5 X aX gy BX
o
I B I
(a) Assembly looseness Frequency
Machine to BSSEPIBTE Looseness
h DOR-CW @
- 2 Radial vibrations
Sequence =
o
E
o X 4X
DOR-CW T2 s l I l l 5X 68X
Sequence 4 i:f I l
( Each HIT generates 2X and harmonics Frequency

Structure looseness

1X
Radial vibrations

Amplitude

Saft foot
(C) Structure looseness

Frequency

Figure 2. 34 :a) Assembly looseness and its FFT spectrum, b)pleiselooseness
and its FFT spectrum, c) structure looseness an8RT spectrum

[26].
Looseness has many harmonics of 1X RPM frequenwy ZX RPM or 3X RPM
frequencies may even be higher than the 1X RPMg Rwseness has mostly odd-
order frequencies (3X RPM, 5X RPM, and so on).

2.2.6.6Ball bearing faults

There are four parts in ball bearings; cage, bailser and outer rings. These parts
can be damaged due to over load, corrosion, imprieication and installation.
Over load or weak lubrication causes friction. Aseault of friction, temperature
increases, so that oil lost its properties. Alsater and acid is dangerous for oil.
Another point for damage, current flows on bearjrigescause of voltage difference
between stator and rotor. Oil behaves as a dieectaterial in condenser. These
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faults produce small particles in bearing.Theseetyy defects are repeated at
frequencies which can be calculated using well kmdermulas. It is general
experience that these frequencies show up in adpEttrum at a very late stage of
bearing wear. With envelope analysis the bearieguencies are seen at a very
early stage of fault development. The envelopeyaigmlcan be used for accurately
predicting the breakdown of a bearing. It showdhbted that the balls will slip few
percents in the bearings especially when lighthdked.

iy
A
Iy A
2
- ‘
K,
Ny

——
N\
"
e

)

&

Figure 2. 35 : Different positions of localized defects affectiagball baring. a)
defect on inner race, b) defect on outer raceetgal on ball [30].

When a rolling element passes over a bearing défiethe races, balls or cages
pulse-like forces are generated that result in onea combination of bearing

frequencies (Figure 2.35).Rolling element beariggserate frequencies unique to
their geometry and operating speed. Four basiauémegjes can be generated by a

defective bearing.

These frequencies are given as:
Ball pass frequency of the outer race (BPFO);

BPFI = % a+ % cosd)xRPM

) (2.6)
Ball pass frequency of the inner race (BPFI);
BPFo=ﬁ(1-5 cosf)xRPM
2 P, (2.7)
Ball spin frequency (BSF);
BSF = Ry (1-(ﬂ cosd)?)XRPM
2B, P, (2.8)

Fundamental train frequency (FTF);
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FTF =%(1- % cosg)XRPM

d

(2.9)

N}, : number of balls or rollers
By, : ball-roller diameter
P, : bearing pitch diameter

0 : Contact angle in degrees

The four bearing frequencies can be modulated bysffeed of the rotating unit in
Hz to cause sideband frequencies. In some casdsaritdbamental train or ball spin

frequencies may modulate natural frequencies diplask frequencies.

2.2.6.7Commutation

Commutation in DC motors is a source of vibratiare do the mechanical contact
between the brushes and the commutator segmente §6 commutator is perfectly
smooth, the brushes bounce up and down as the mpitas. The bouncing of the
brushes creates a vibration frequency at the nurobéhe commutator segments
times the rotational speed of the rotor, RPM. Thesjuency, or its harmonics, can
excite other components within the system to resomaThe presence of brush
vibration indicates that the brushes are still @odj condition, and that the spring is
still exerting tension against the commutator. Whign@ bouncing vibration

disappears, the brush is no longer being pushednsigaghe commutator.

Consequently, an air gap exists permanently betweeibrush and the commutator,

causing excessive sparking.

2.2.7 Electromagnetic sources of vibration and nogs

In this part of the thesis, electromagnetic souroésibration/noise which are
commonly seen both in practice and literature ammmsarised. The noise and
vibration in electric motors are mostly generatgdtliie electromagnetic sources,
which can subsequently be amplified by the dynacharacteristics of the motor
structure. Electromagnetic vibration and noise associated with parasitic effects
due to higher space and time harmonics, eccemtrigghase unbalance, slot
openings/combinations, magnetic saturation, slipc aectification and

magnetostrictive expansion of the core laminatiokghile analyzing motor

vibration/noise problems, it is important to knowether the problem is mechanical
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or electrical. However, there is not always cleatrseparation between the two. For
example a cracked rotor bar may cause spot hedtirige rotor, resulting in a

thermal bow. The rotor bow will appear as rotor at@mce (mechanical), when in
fact the basic problem is the rotor bar (electjicklmay be possible to detect the
presence of electrical problems by acquiring dateand a shutdown. The power
should be cut near full load, if possible, and atag data during the coastdown. So,
some vibration/noise related effects are disappearéhe data which is taken during

the coastdown.

2.2.7.1Slip-related vibration

The difference in frequency between the runningedp an induction motor and the
synchronous magnetic frequency of the stator isvknas the slip frequency, and can

be expressed as:

R
S =(25)-Fr (2.10)

where

S1 = Slip frequency in Hz

Fl = Line frequency in Hz

P = Number of poles in the motor

Fr = Rotational frequency in Hz (RPM/60)

To understand this, consider a 2-pole motor witlotar speed of 3,420 RPM. The
magnetic field in this motor’s stator rotates &0®, RPM. The slip frequency for this
motor is equal to 180 RPM. If stator magnetic fildssumed that it has zero speed,
therefore rotational speed of rotor magnetic fisld180 RPM with respect to the
stator’s. So the direction of motion of rotor magméeld is negative while the other
one is seems to stop .

The rotor in a 2-pole motor lines up with a statole twice during each slip cycle
during the rotor magnetic field rotation, then,reition will occur at twice the slip

frequency.
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Figure 2. 36 :One slip cycle.

The previous paragraph can be rephrased to inchaters with more than 2 poles:
A rotor bar will line up with a magnetic pole inetistator at a frequency equal to the
number of pole times the slip frequency. Theretbeemaximum current flows in the
rotor bar and the rotor is subject to the maximomue at this frequency. Since the
torque reaches a maximum at this frequency the witbspeed up and slow down at
a rate equal to the number of pole times the gigguency. That is, the rotor
frequency will be modulated at a rate equal to ibenber of pole times the slip

frequency.

2.2.7.2Rotor bar passing frequency vibration

High frequency load-related magnetic vibration at reear rotor slot passing

frequency is generated in the stator when curgemduced into the rotor bars under
load. The magnitude of this vibration varies wittad, increasing as load increases
[30]. The electrical current in the bars createsagnetic field around the bars that
applies an attracting force to the stator teetles€lradial and tangential forces which
are applied to the stator teeth, as seen in FigL8@, create vibration of the stator

core and teeth.
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Figure 2. 37 :Radia and tangential forces which are applied to theostaeth [12
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Figure 2. 38 :Magnetic field around a rotor bar and resultingdéava stator teet

The rotor slot and side band frequencies are irfrdgpiency range nmally related
to noise rather than vibration performa. In fact, these force compone are the
principal sources of high frequcy noise in electrical machinéa/hen a two or fou
pole motor has an even number of rotor slots, #ngel local forces beeen the
stator and rotor teeth cancel each other on th@sigpsides of the rotor, and t
total force is zero. If the number of slots is aldmumber, a net force may occ
Figure 2.3%hows the trace of the force vector generatederfdbr polemotor by a

rotor with 33 slot431]. In literature the forces caused by unsuitable nurobector
slots studied by Arkki [31].
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Figure 2. 39 :The trace of the magnetic pull vector when the-pole is equipped
with a rotor haing 33 slots [31].
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2.2.7.3Broken rotor bar vibration

If a broken rotor bar exists, no current will flaw the rotor bar as shown in Figure
2.40 (a). As a result the field in the rotor arouhdt particular bar will not exist.
Therefore the force applied to that side of theretould be different from that on
the other side of the rotor again creating an wanizzdd magnetic force that rotates at
one times rotational speed and modulates at adrexyuequal to slip frequency times
the number of pole (Figure 2.40 (b)). In additibroken rotor bars or a variation in
bar resistivity will cause a variation in heatimgand the rotor. This in turn can bow
the rotor, creating an eccentric rotor, causingdbasor unbalance and a greater
unbalanced magnetic pull, thereby creating a hightones and some minimal twice

line frequency vibration.
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Figure 2. 40 :a) Rotor with broken bar [30] and b) signature grattdue to broken
rotor bars.

2.2.7.4Twice-line frequency vibration

A power supply produces an electromagnetic attrigdiorce between the stator and
rotor which is at a maximum when the magnetizingent flowing in the stator is at
a maximum, either positive or negative at thatansin time. As a result, there will
be 2 peaks of force during each cycle of the veltagcurrent wave reducing to zero
at the point in time when the current and fundawadeftux wave pass through zero
as demonstrated in Figure 2.41. This will resula inequency of vibration equal to 2
times the frequency of the power source (twice lirequency vibration). This
particular vibration is extremely sensitive to timtor's foot flatness, frame and
base stiffness and how consistent the air gaptisdas the stator and rotor, around
the stator bore. It is also influenced by the etrogty of the rotor.
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Figure 2. 41 :One period flux wave and magnetic force wave [30].

Electromagnetic forces with the frequency of twilke power supply frequency are
produced on stator cores. In designing rotatingtetemachines, it is essential to
avoid resonance of the structures caused by theleZtromagnetic forces [32].
Twice-line frequency vibration does not vary witbatl. Because twice line
frequency vibration excitation is not due to a metgnfield generated by the current
in the stator coil which varies with load and cesaa magnetic force which varies

with the load current squared.

2.2.7.5Eccentricity

For an induction machine with a uniform air gapsitvell known that the sum of the
radial electromagnetic forces acting on the ovenatibr periphery should be zero.
However, when the axis of rotation is not concenirith the center line of the stator,
the rotor is said to be eccentric. A corresponding-uniform air gap flux density
occurs due to the eccentric rotor which causesdalrdorce in the direction of
greatest flux density (smallest air gap). This ahflorce has been referred to in the
literature as unbalanced magnetic pull (UMP). Etogty of either the rotor or
stator airgap surface from the centre of rotatian cause important components of
the force. The larger the length of the eccentrisit the stronger the force imbalance
caused by this unbalanced magnet pull is. Foréason, the force imbalance caused
by the unbalance magnetic pull can cause selfekce#dial rotor vibrations. Or the
unbalanced magnetic pull acts as a ‘negative’ gpand thus reduces the critical
speed. An uneven air gap causes unbalanced maguétigvhich may cause higher

magnetic forces in the direction of minimum air gap shown in Figure 2.42. This
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leads to higher structural deformation and noise.uAeven air gap not only creates
higher magnetic forces but also creates additibaamonics known as eccentricity
fields, hence manufacturing variation can not ooigate different amplitudes of
magnetic forces but also different harmonics comfiams. Rotor eccentricity due to
the rotor unbalance, the biggest cause of vibrationan induction motor, can be
divided into two classes- static and dynamic ectstyt. As shown in Figure 2.42(a)
static eccentricity occurs when the rotor rotatesiad the axis of rotation, but the
axis of rotation is separated from the axis of g¢tetor. On the other hand, dynamic

eccentricity occurs when the rotor rotates arourel axis of stator, but rotation is

around the offset rotor axis [33].
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Figure 2. 42: a) Static eccentricity, b) dynamic eccentricity][33

If the stator has static eccentricity as in theecakFigure 2.43 (b) then it will be
permanently displaced to the right. If the rotos ldgnamic eccentricity then the net
unbalance force will rotate at rotational frequeneyth the minimum air gap,

causing vibration at one time rotational frequefg#}.
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Figure 2. 43 :a) 2-Pole machine flux ditribution representatibih,force wave on
rotor creating UMP [34].

Not only is the stator pulled in one direction, lalso the rotor is pulled in the
opposite direction to the side that has the mininmimgap (Figure 2.43). This causes

higher shaft vibration, which is more damagingldearings.

The flux causing the magnetic force is the fundamdeflux wave, which rotates
around the stator at the synchronous speed of tternirhe rotor attempts to keep
up with the rotating flux wave of the stator, blué¢ trotor slips behind the stator field
as needed to create the necessary torque for #oe When the high point of the
rotor (point of minimum air gap) aligns with theghipoint (maximum) of the stator
flux, the force will be a maximum, and then it wdiécrease, becoming small under a
point of minimum flux. Thus, an unbalance force aseated which rotates at
rotational speed and changes in magnitude with $lye end result is a 1X RPM
vibration, which modulates in amplitude with sliphe frequency of modulation in
RPM will equal the slip in rpm times the numbeipofes.

2.2.7.6Magnetostriction

Stator deformations are caused not only by releetaforces, but also by
magnetostriction effect of the stator iron. Magisétotion is one of the main causes
of noise in electromagnetic systems particularlyewtithe flux density is above 1.5
T(Tesla). Magnetostriction is a property of ferral®ys in which the material will
exhibit strain in the presence of magnetic fieldisTstrain is in addition to any other
strains that might exist as a result of electranadl/or mechanical forces in devices.
At low frequencies, magnetostrictive forces areasn@ble. They can be large and
generate acoustic noise in electromagnetic systéfagnetostriction in magnetic

materials, such as electrical silicon steel shastene of the main causes of noise
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and vibration in electric machinery and equipment \Wivhich there is no proven

remedy. It is an important factor in governing thagnetic properties of magnetic
materials. In order to achieve lower losses andenievels in electrical machines, it
is necessary to know the magnetostrictive effecthé design stage. Furthermore, it
is possible that the magnetostriction or the makgnioperty changes, may be small
in one direction, they can significantly vary wheve domain structure changes in

the magnetic flux direction.

2.2.7.7Magnetic noise

The noise of magnetic origin in electric machinegénerated by the interaction of
the induction waves (fundamental and harmonicskeein the air gap. These
waves are variable in space and time and existusecaf the winding distribution
and variation of the air gap permeahdee to the stator and rotor slots, saturation
and eccentricity. These induction harmonics, comdithemselves, genetare periodic
force waves in the airgap deforming the stator @me exciting the surrounding air.
This way, the acoustic noise is generated [35](f@qu44).

Deflection of Core

Stator

Figure 2. 44 :Deflection of stator core and teeth with magneticés [36].

The magnetic force acting on the stator teeth l@h B tangential and a radial
component. The tangential component is the reattidhe motor torque, and while
it causes the tooth to bend about its base andupesdiocalized distortions of the

stator core it is only a minor sources of motorseoiThe radial component produces

4 Permeance is a measure of the ability of a magnogtuit to conduct magnetic flux; the reciprocal
of reluctance.
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larger deformations of the stator core and is ticgpal sources of magnetic noise.
Stator—rotor mechanical design, along with carefidctrical coil design, can
significantly cut down magnetic noise in an indantmotor. It is important to know
the frequencies at which radial and tangentialdsrare produced. If any of these
forcing frequencies approaches to the natural Brqges of the stator core or stator
tooth, resonance will occur and magnetic noise mellamplified. Another way is to
vary the number of rotor slots, which will chandpe tforcing frequencies and the
vibration modes of the stator core. The force goctin the stator tooth is proportional
to the square of the magnetic flux density in timegap; therefore, by increasing the
active magnetic core length or motor size, onerednce the magnitude of the flux
density and consequently the magnetic forces. Hewewnvhen the designers make
changes in regard to the slot combination, theykhtake into account not only the
noise level, but other negative effects that theseges could impact, such as rotor
standstill / crawling during motor start up.

2.2.7.8AC rectification

In many cases, the direct current needed to dri®€ anotor is not supplied from a
DC generator. Since alternating current is usualailable, a process called
rectification is used to convert the AC to DC. Wh&@ is rectified, the negative
‘humps’ are removed, leaving only positive curraatshown in Figure 2.45. This is
called half-wave rectification, since only half d¢ie wave remains.Half-wave
rectification leaves gaps in the current. Devicated full-wave rectifiers convert the
negative current to positive, so that the averageent flow is roughly 2/3 of the
maximum current. This is shown in Figure 2.45. Rgcig three-phase AC, where
each phase is offset by 90 degrees, smooths outighkes and leaves roughly

constant current (DC).

Full-wave rectification on single-phase AC, as shawFigure 2.46, leaves 2 peaks
per cycle (one for each time the SCR fires). Ilet#phase current is rectified, 6
peaks per cycle are now present. Since 60 Hz maloAC line frequency in the US,
360 peaks per cycle are present in the rectifiecoDput of an SCR.
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Haif wave rectification - the negative
humps are removed
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Figure 2. 45 :a)Half wave and b) full wave rectification.

In countries with 50 Hz line frequency, the reetfiDC output has 300 peaks per
cycle.These peaks cause a pulsation in the DCstiygilies the motor’s main field.
Consequently, the motor’s speed varies by the gautsation frequency. This SCR
firing frequency is a sources of vibration, botlonfr exciting components to
resonance and from the speed variations (torsiabgtion) that it introduces into

the driven process.

2.2.7.9Commutation

A direct motor utilizes a mechanical commutatoswatch the supply current into its
armature windings. This process involves the sfjdoontacts between graphite
composite brushes and the commutator made upinfaf copper segments called
‘bars’ connected to the armature winding. Currémwfto any coil is interrupted and
reversed periodically as the armature rotates aedepts different bars to each
brush. The natural consequences of these inteongpt@nd reversals are voltages,
current and torque disturbances. The discontinuaatsire of the commutation
proceduces high frequency electromagnetic distwdmn[37]. To study the
electromagnetic and electromechanical disturbareegnamic network model has
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been devised to represent the changing circuitigorgtion due to the commutation.
With this technique they could compute the instaetais current and voltage of
each of the armature coils of the motor and the&maneous electromagnetic torque
developed by the motor.The network modeling of a BGtor starts with an
electrical schematic of the machine as shown iruréig2.47. This includes the
armature coils, commutator bars connecting thescdirushes sliding on the
commutator bars, and external components connettiegnotor terminals to the

power source.

12

Armature Coils
: f@ |Commutator
Bars
110, 14-22 Bru shes 11, 23-31
Motor Terminal
Motor Terminal & Leads
& Leads

Figure 2. 46 :Electrical schematic of a DC motor [37].

The voltage between adjacent commutator bars resierfor arcing and reduction
of brush life is shown Figure 2.48 (a).
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Figure 2. 47 :a) Calculated coil voltage and b) electromagnetique [37].

The instantaneous electromagnetic torque in Figut8 (b) can be used to identify

sources of vibration and mechanical noise.
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2.2.7.10Slot combination

Electromagnetic noise is usually generated bynkeraction of electromagnetic flux

waves with the resonant frequencies of the stai or teeth, and manifests itself as
structure-borne noise. Magnetic field is not unifion the air gap. The fundamental
field is superimposed by various harmonics whicly mase due to several reasons.
Of the various causes which induce harmonics indhegap, the field effects of

stator-rotor slot combinations are the most commeuses for high magnetic noise
in induction motors. The electromagnetic force tluslot combination has a strong
influence on acoustic noise from induction motdhen both the vibration mode

and natural frequency of the stator correspondhdsé of the electromagnetic force,
the stator causes a resonance which results indarioise. Therefore, it is necessary
to estimate accurately the electromagnetic forcéorbeacoustic noise can be
reduced. The vibration depends strongly on the stohbination which is the

combination between the number of the stator slats that of rotor slots. The slot
combination is one of the most important desigmisoior induction motors, because
it determines the magnetic flux density which ie firoduct of the magnetomotive
force multiplied by the magnetic permeance. An itable slot combination causes a

large vibration and acoustic noise.

2.3 Order Analysis

Analysis of vibration or acoustic signals from itotg machines is often preferred in
terms of order spectra rather than frequency sp¢Etgure 2.49). An order spectrum
gives the amplitude and/or the phase of the sigaal function of harmonic order of
the rotation frequency. This means that a harmamic sub-harmonic order
component remains in the same analysis line indbgenof the speed of the
machine. The technique is called tracking, as ti&ion frequency is being tracked
and used for analysis. Most of the dynamic forcesteg a machine are related to
the rotation frequency so the interpretation anel dragnosis can thus be greatly
simplified by the use of order analysis. The clessproblem of smearing of the
frequency components caused by speed variatiotteeahachine is solved by using
order analysis. In situations where the frequenoynmonents from a normal
frequency analysis are smeared together, propgnosss will only be facilitated via

order analysis. Of particular interest is the asialyf the vibrations during a run-up
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or a coast-down of a machine in which case thectsiral resonances are excited by
the fundamental or the harmonics of the rotatidneduencies in the mechanical

system.

Figure 2. 48 :An order diagram

Determination of the critical speeds, where themadimodes of the rotating shaft are
excited, is very important for rotating machineschsuas motors, turbines and
generators [38]. If vibration is taken on a speadsng machine (e.g., an electric
motor), all of the forcing frequencies of the mahwill vary with the shaft speed.
This implies that, as a sum average is taken, paak will ‘smear’ (Figure 2.50 (b)).

The peaks will go into different frequency bins,tlwithe result that the actual
frequency will be indeterminate and the amplitudd aotor pole frequency shifts
during 8 averages taken while the speed of the macfaries.(Figure 2.50 (a)) [39]

Shaft
”‘Spnd
Average No. Pole Shaft Speed, Hz Mesh Freq, (100 Teeth)
1 12 £ 3000 H
2 120 05 290 H
3 120 b7 2900 g9
4 120 85 2,850
5 120 P 2,800 Smeared Mesh Frequancy
6 120 75 2,750 N
7 120 7 2700 1\\.|||__|[||l
3 10 %5 2650 ¢ 0 200 2800 3000

Fraquency

Figure 2. 49 :a) Mesh frequency and motor pole shifts during &ages,
b)smearing due to speed variation [45].
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Synchronizing the dynamic signal analyzer's datdection with the machine’s

rotational speed is therefore a key step in ordelysis. Synchronization usually
starts with a tachometer, which provides a pulsarmomtegral number of pulses for
each revolution (Figure 2.51). Angular positiontating speed and acceleration of
rotating machine are indicated by tach pulses geée@rfrom tachometer. Using the
tach pulse to trigger the dynamic signal analyzgickronizes the machine and the

measurement [40].
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Figure 2. 50 :a) Time domain samples: If samples are gatheredgaal tiem
intervals, the number of samples per cycle willyvd) Position
samples [46].

Synchronizing samples to shaft position gives astamt number of points per cycle.

We could then force the speed of the sampling #aqu to rotate proportionally

with the machine’s shaft speed. As the shaft speséased or decreased, so would

sampling frequency. A peak at 1xrpm is called thst 6rder and a peak at 100 x rpm

is called the 100th order as in the Figure 2.52.[39

Shatt
1| speed Mesh
Table 2.2. Mesh Speed and Motor Pole Frequency Shifts with
256 Pulses/Shaft or Revolution. 2
Average No. Pole Shaft Speed (order) Mesh Order (100 Teeth) 3 Snl;;:r:d
1 400 1 100 g‘ 08 ——
2 4.07 1 100
3 4.14 1 100
4 4.21 1 100 | I I
, . )
5 4.29 1 100 0 1 T3 4 & & 7 8§ Viw
6 436 1 100 Orders
7 4.44 1 100
8 453 1 100 Figure 2.10. An order plot of smearing due to speed variation.
a) b)

Figure 2. 51 :a) Mesh speed and motor pole frequency shiftsydgrglot [45].
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2.4 Modal Analysis

The objective ofmodal analysis is to determine the natural freqesnalamping
factors and vibration mode shapes of a structulee fesults from this analys
characterize the basic dynamic behavior and aredioation of how the strucre

will respond to dynamic loadini

2.4.1Theoretical and experimental modal inalysis

Two approaches aravailable to perform the Structural Dynamic Anat (Figure
2.53) One of them | the so-calledTheoretical Route and the other the

Experimental Routé/arious models that are used in this processeshanen below

Theoretical route

P
Eigensolution H= [1/{w®- w?)]eT
Spacial modal Modal modeal Rasponse model
K, M ws e H
M= @' |dentification

K = II:I'Tm_E_ T

Experimental route
il

Figure 2.52: Interrelation among dynamic modt

2.4.1.1Theoretical route to structural dynamic analysis

The first type of model is the spatial model whdescribes the distribution in spe
of the essential physic features of the structure mass or iertia, stiffness and
damping properties. In simple terms, the spatiatiehds the set of mass, stiffne
and damping elements which are used in desci theequations of motions for tf

system.
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Spatial model Modal model Responsc model
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Figure 2.53 : Dynamic analysis models [49].

Then it is customary to perform a theoretical magtadlysis of spatial model whit
leads to a description of the structures behavioa set of vibration modes; tf
Modal Model. This model is defined as a set of raturequencies witl
corresponding modal damping factors and vibri mode shapes. It is important
remember that this solution always describes th@ws ways in which e structure
is capable of vibrating naturally, i.e. without aexternal forcing or excitation, ar
so these are called the ‘natural’ or ‘normal’ modéshe structur. The third stage
is generally that in which we have the greatestredt; namely, tt analysis of
exactly how the structure will respond under givexcitation conditions ant
especially, with what amplitudes. Clearly this widkepend not only upon ti
structure’s inherent properties but also on theineahnd magnitude of the impos
excitation and so there will be innumerable solutiohghts type. However, it i
convenient to present an analysis of the struduesponse to a ‘standard’ excitat

and to describe this as the Response M

2.4.1.2Experimental route to structural dynamic analysis

The experimental modal analysis iusually perforfmed for the purpose

verification/correction of the results of the artadgl approac.If an analytical mode
does not existthe modal parameters determined experimentallyesasvthe mode
for future evaluations such as structural modificati A response model is simp
the set of frequency response measurements acqlurety the modal te (Figure
2.55) These measurements contain all the dynamics efsthucture needed f

subsequent anges. A modal model is derived from the responsdetby using
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one of various modal analyses techniques. It nbt iocludes frequencies, damping

factors, and mode shapes, but also modal mass adal stiffness.

Curve Fit Representation
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Figure 2. 54 :Phases of an experimental modal analysis [50].

The frequency response functions can be measuradduyring the input excitation

and output response simultaneously and then priogetbe acquired data.
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Figure 2. 55 :a) Measurement setup of an experimental modal sisaiynd
b) types of signals that we obtain in a measurement

Generally, the choice of the excitation functiontdies the choice of the excitation
system, a true random or burst random function iregua shaker system for

implementation. In general, the reverse is alse.t@hoosing a hammer for the
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excitation system dictates an impulsive type etiomafunction. The best choicof
excitation function depends on several factors: ilavi@ signal processin
equipment, characteristics of the structure, gémaeasurement considerations a

of course, the excitation syste

Figure 2.56 : Hammers and shakers.

For making measurements on simple structures, xbgee mechanism can be
basic as an instrumented hammer. The conveniendkiotechnique is attracti
because it requires very little hardware and presishorter measurement times.

electrodynamic shaker may be needed for exciting momeplicated structure

Figure 2.57 : Force sensor and accelerometer.

After excitation system is set up to force theduite into mcion, the transducers f
sensing force and motion need to be selected. iBzeglectric types, which meast
force and acceleration, are the most widely usednfodal testing. It has wic
frequency and dynamic ranges, goodarity and is relatively durable

2.5 Finite Element Correlation

Finite element analysis is a numerical procedurefulisfor solving structure
mechanics problems. More specifically, it is anlyineal method for determining tr
modal properties of a structure. It is often neags$ovalidate the results from th
theoretical prediction with measured data from alahdest. This correlation meth
is generally an iterative process and involves twajor steps. First, the moc

parameters, both frequencies/FRFs and mode shapes,comared and th
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differences quantified. Second, adjustments andiffnations are made, usually to
the finite element model, to achieve more comparabkults. The finite element

model can then be used to simulate responsesual agerating environments.
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3. TEST RIG DEVELOPMENT FOR LOADED ELECTRICAL MOTOR
AND MEASUREMENTS

3.1 Frequency Response Functions (FRF) Analysis

Various FRF measurements are carried out in ormleratidate and improve the

numerical model For the static case (non rotatigason), frequency response
functions of the whole system and some individuwahponents are measured. The
equipments used during this experimental processtawn in Figure 3.1.

BEK Analyzer
Acceferometer ModaiHammer 3560 D
BEK 4394 Endeveo2302-10

Calibration Exciter
BEK 4294

Figure 3. 1 :Hardware used during FRF measurements.

The structure is excited using a modal impact hamarel CCLD 4394 type
accelerometers are used to measure the responsemnalyzer (B&K 3560) with
proper signal conditioning hardware is used. TAnsxperimental set up is prepared
for measuring frequency response functions of idial components of an electric
motor. The components of the electric motor used-RF testing are front cover,
rear cover, stator and rotor. Individual componeftthe electrical motor are hanged
by using flexible string (fishing line). The maimunpose of the FRF measurements

presented here is to validate the first few naturalquencies of individual
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components. Accordingly, based on experience daimg¢hese components, there
was no need for extensive FRF testing or full magskting. Therefore, it was
decided to measure a few FRFs for each componeas $0 validate the first few
modes. Some typical measurements are presentedfdreeach component. The
excitation and response locations for typical FRiesalso included here for possible
use in the future. Figure 3.2 shows a typical mesamant for the front cover,
depicting the force and response measurement éosatA hammer is used to excite
the structure and amaccelerometer is used to measure the response at certain
locations and directions. Thus, frequency respduasetions for individual parts of
the electrical motor are obtained and they are @izedalidating numerical models.
Generally, frequency range is set to 0 to 1600 Hzthes range appears to be
sufficient for evaluations of vibrations. Howevérthe first mode of a component is

greater than 1600 Hz, a new appropriate frequesiege is chosen.

Figure 3. 2 :Locations of impact force and acceleration respdoisthe front cover.

Experimental FRF of Front Cover
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Figure 3. 3 :Frequency Response Function of the front covelesponding to
excitation and response locations shown in Figuze 3
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The experimental FRF in Figure 3.3 shows a few gealdicating natural

frequencies of the front cover. The first natursgliency of the front cover is
identified as 713 Hz and the second one is 1266 Hz.

F

Figure 3. 4 :Locations of impact force and acceleration respafisear cover.

Experimental FRF of Rear Cover
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Figure 3. 5 :Frequency response function of rear cover correipgrto excitation
and response locations shown in Figure 3.4.

The measured FRF in Figure 3.5 shows a few peaka agthin the frequency range
of interest indicating natural frequencies of tharrcover. The first natural frequency
of rear cover is 721 Hz and the second one is Hz/1

63



Figure 3. 6 :Locations of impact force and acceleration respafistator.

Experimental FRF of Stator
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Figure 3. 7 :Frequency resposne fuction of stator corensporidimyciitation and
response locations shown in Figure 3.6.

The measured FRF in Figure 3.7 shows only one mupdé 2.4 kHz. The first
natural frequency of the stator is determined ta&@9 Hz.

Figure 3. 8 :Locations of impact force and acceleration rspasgiretor.
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Experimental FRF of Rotor

100

F
1749 Hz 2884 Hzg
10 MNP ~(A
g 1 W ]‘ N
: o \b\//
% ( 500 1000 00 20 0 3000
o 0,1
5

0,01 —b

0,001

Frequency [Hz]

Figure 3. 9 :Frequency response funciton of rotor corresportngxcitation and
response locations shown in Figure 3.8.

The experimental FRF in Figure 3.9 shows two natueguencies of the rotor. The
first natural frequency of the rotor is 1749 Hz dhd second one is 2884 Hz. So far
FRF results of individual components of electrictoncare presented. After these
results FRF of electric motor assembly is measureite it is placed on a flex part
in order to provide free-free condition. As it Bes in Figure 3.1@ccelerometer is

placed on the stator and excitation force is agglethe rear cover.

Figure 3. 10 :Locations of impact force and acceleration respafseotor.
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Experimental FRF of Motor
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Figure 3. 11 :Frequency Response Function of the motor corresppis
excitation and response locations shown in Figuz8.3

The FRFs of the electric motor is also measuretiwd frequency range 0-1600 Hz.
A typical FRF is presented in Figure 3.11. Itees that the motor has one mode in
this frequency range its first natural frequency2® Hz. As it previously mentioned,
a cylindrical mass is assembled in front of theaneb as to provide load conditions.
But this time, motor is not able to performed difea part with this cylindirical mass
because it is very difficult and dangerous. Sost tgy is designed and FRFs are

measured for this case (Figure 3.12).

Figure 3. 12 :Locations of impact force and acceleration respafs@anged motor.
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Figure 3. 13 :Frequency Response Funtion of hanged motor comelspg to
excitation and response locations shown in Figutg.3

The experimental FRF in Figure 3.13 shows pealkcatidig resonance frequency of
the motor. First resonance frequency of the mad43 Hz and the second one is
653 Hz.

3.2Test Rig

In order to compare and validate the numerical rhotiéhe electrical motor, a test
rig is designed and developed for acquiring expenital data. Experimental results
are also used for further improvements of the nisaemodel. Some pictures of the

set-up are presented in Figure 3.14.

Figure 3. 14 :Test rig
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The main objective of this test rig is to measine fborced response behaviour of the
electric motor itself without the effect of the wstture it may be attached to.
Accordingly, it is decided to perform the testsfiee-free conditions. The electric
motor is suspended by using flexible strings ageom four points. A cylindrical
steel part, whose mass moment of inertia is equtlld rotating parts of the washing
machine including the wash load, is assembled antfiof the rotor in order to
simulate operating load conditions. A cage is soalesigned for the test rig for

safety considerations.

3.3Measurement Set-ups

Basically two different kinds of measurements aeglenon the electrical motor. One
of them is used for vibration measurements whiéedther one is used for electrical
current measurements. Vibration measurements nmstef acceleration are made by
using two different measurement set-ups in ordesberve the effects of different
operating conditions of the electric motor. The mdifferences between these two
measurement set-ups are about the way of congattia speed and applying types
of electric current (AC or DC). Speed of the eliectotor is controlled by variac

and controller.

3.3.1 Variac-controlled measurement set-up

The input voltage to the electric motor is adjusbgdvariac in order to control the

speed of the motor in a variac-controlled measunereet-up. The Campbell and
order diagrams are obtained by controlling the dpeel the angular acceleration of

the motor. Schematic view of the measurement ges-depicted in figure 3.15.

The variac, number 2 in Fig.3.15, is used to ddjus speed of the system and it is
connected to the motor (3). The tachometer, adailan the motor, is used for
tracking the rotational speed. Accelerometer (6pasitioned on the stator of the
motor and vibration data are collected. CCLD typeeterometer shown in Figure
3.15 Analyzer (4) and accelerometer types are Bfuddaejer 3560D and 4394
respectively. Electrical current probe is placetiMeen the variac and the motor in
order to measure the current feeding the motor.afplifier (8) is also used for
current probe. The collected rotational speechefrhotor and the acceleration data

are collected by the analyzer and then transfdodte computer (7). B&K PULSE
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platform is used during these measurements in owedisplay the results and
manage the measurements.

Figure 3. 15 :Variac-controlled measurement set-ups.

3.3.2 Controller-controlled measurement set-up

In this set-up, the rotational speed of the masocantrolled by a controller (3), of
the washing machine. Also, instead of the intetaghometer of the electric motor,
an external laser tachoprobe (2) is used for sgntie rotational speed of the
motor(4). Laser tachoprobe type is Bruel & Kaejé0dl. Schematic view of this

measurement set-up shown below;

Figure 3. 16 :Controller-controlled experimental set-up.
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3.3.3 Current measurement set-up

Variations of electric current flow are investigatey using a current probe attached
to the current carrying cable of the electrical onoThe measured current results are
used to correlate vibrations of the motor and theent. The type of electric current
probe used in these test is Tektronix A6302. An ldmap (Tektronix TM502A) is
also for the amplification of the signal from therrent probe before the signal is

passed to the analyser. Current measurement s#talgctric motor is seen below;

W ”'f
Figure 3. 17 :Current measurement set-up.

3.4 Measurements and Discussions

Current and acceleration are the main output data the measurements described
above. The associated measurement set-ups arenfekse the previous sections.
Measurements are conducted by using both 50 Hz6@8ndz electrical network in
order to determine the effects of the frequencytld electrical network. As
mentioned before, to investigate the effects ofltlagl, a cylindrical part is designed
and assembled in front of the rotor. The orderkiraganalysis can be done for run-
up and run-down situations. In this study, both-upnand run-down analyses are
performed. The Pulse platform enables the adjudsneinthe order span, the rpm
interval and the order resolution of the diagraiftee analyzer has some limits about
the resolution, order and frequency span. For imgtawhen more resolution in the
rpm axis is desired, the order span or the romeaaipuld be reduced. During the

experimental studies various span and resolutiomsised for different cases.
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3.4.1 Identifying electric network harmonics with arrent measurements of
lamp

Although it is thought that the frequency of elaxl network is purely 50 Hz, it is

decided here to test the frequency content of tke efectric signal. Lamp test

illustrated in Figure 3.18 is used for this pumgos

Figure 3. 18 : a) Picture, b) schematic view of the test set-up.

Ordinary lamp has only resistance effects, so ind¢ expected to cause any
unpredictable effects in term of frequency contdrithe current. First, the noise level
of the current probe is determined by free measen¢rwithout electricity in the

lamp (Figure 3.19a-red curve). Then, it is compasth measurement taken while
lamp is in action in order to see the differencesmMeen them(Figure 3.19a-blue
curve). Odd harmonics of 50 Hz are clearly obseiwethie spectrum of the current.
At the same time, time history of the current isoainvestigated. Comparison and

time data of current can be seen in the followiggre;

time({akim) - Input (Real) | FFT Analyzer

0.14 [v]
SOm_ 0.16+
0.144
20mA 0.12
10m-+ 0.14
5mH 8om|
60m-
am -
500u- "
200u+ -20my
100u ol
50U o]
20u+ 0.1
10U 0121
5u_ -0.144
2u -0.164
0 400 800 12k 1.6k o

-0.2 . . . T T . . . T !
[Hz] 0.2 0.204 0208 0212 0.216 0.22 0.224 0228 0.232 0.236 0.24
[s]

Figure 3. 19 :a) FFT diagrams of open and close lamp, b) tima daturrent.
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Results of curruptions in the time data of curqertduce strong odd harmonics and
also weak even harmonics are seen in the FFT speaif the current due to the
curruptions in the time data of the current (FigBr&9b). These harnonics cause

additional electromagnetic-based vibrations indleetrical motor.

3.4.2 Current measurements and discussions

Applied current to the electric motor is measuredthe purpose of determining the
changes of current relative to the rotational spefethe motor (Figure 3.20). First
point that needs to be noticed is the variationswfent vibrations proportional to
the rotational speed of the motor in terms of fesgry content. And also constant
frequencies such as 50 Hz, 150 Hz are availabledrwaterfall FFT diagram of the
current. The results show that the spectrum of dleetrical current has certain
pattern. Within the frequency range of interest, speed dependent spectrum of the
electrical current can be easily noticed from tlesuits. The electrical current
measurements are also made by using main eleabiempwith 60 Hz main
frequency in order to understand the relationskdfwben the main line frequency
and the mechanism of the current variations. Tlggons marked in these plots
(Figure 3.20) show some important characteristitshe system. As discussed
before, the parabolic curves in the order diagraoesrespond to constant
frequencies, whereas these frequencies are showtraaght lines in the Campbell
diagrams. The frequency content of the 50Hz maia frequency consists of 50 Hz,
150 Hz, and 250 Hz... as odd harmonics of 50 Hzhéndase of 60 Hz main line
frequency, 60 Hz, 120 Hz, 180 Hz... are seen agdti:inant frequencies in the
spectrumas in 50 Hz main line frequency case.

In Figure 3.21 waterfall diagrams of the currensé®n but this time it is started to
measure from very low frequency. So certain patténie current variations related
with rotational speed of the motor can be undedstaetter. Careful inspections of
these results reveal that the sidebands of the fregency contents are related to
the rotational speed of the motor (Figure 3.21)other interesting detail is about the
behaviour of these sidebands especially when gguéncy is close to 0 Hz. When
operating frequency is equal to the main power fregquency, left sidebands of 50
Hz and 60 Hz reach to the 0 Hz. Immediately attes, frequency of these sidebands

continue to increase proportional to the rotatiapaed of the motor.
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Current Variations
Related With

Rotational Speed

Figure 3. 20 :a) Waterfall FFT diagram of current (with 50 Hzatecity source).

Figure 3. 21 :a) FFT diagram of current (with 50 Hz elctricityusoe), b) Order
diagram of current (with 50 Hz electricity source) FFT diagram
of current (with 60 Hz electricity source), d) Ordiagram od
current (with 50 Hz electricity source).
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Figure 3. 22 :a) 0-200 Hz FFT diagram of current (with 50 Hz &ietty source), b)
0-200 Hz FFT diagram of current (with 60 Hz elegtyi source).

3.4.3 Acceleration measurements and discussions

Acceleration measurements are made with a frequemege of 0-1600 Hz. The
speed of the motor is varied between 0 and 1500@.RBaded and unloaded run-
up acceleration are presented in Figure 3.22 wies@nance regions are noticed at a
first glance. First and second resonance frequencfethe unloaded motor are
approximately 420 Hz and 670 Hz but loaded moteomance frequencies are 340
Hz and 650 Hz. Furthermore, first three orders lo¢ telectrical motor are
immediately noticed. Also crossing of various osdesith the resonance region can

be seen.
1¥torder Resonance Fields 1%torder - Resonance Fields 5
14k ‘ 14 ' ‘A
12k 12
0.5 0.5
10k 10k
0.2 0.2
3" order 0.1 o 0.1
By AL 'l-50m
6k
20m 20m
4k 10m 10m
5m 5m
2k
2m : | 2
0 400 800 1.2k 1.6k 0 400 800 1.2k 1.6k
[Hz] [Hz]

Figure 3. 23 :Run-up FFT diagrams a) unloaded, b) loaded.
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A close inspection of the results shows that tlaeeesignificant vibrations at 100 Hz
and its harmonics as well as at sidebands of 100AHi#he same time 50 Hz and its
harmonics are also observed but they are less @domithan 100 Hz and its
harmonics. Yellow marks indicate 100 Hz and itsniamics and red mark indicate
sideband of 100 Hz shown in Figure 3.23

50 Hz 100 Hz 200 Hz 300 Hz 400 Hz 50 Hz 100 Hz 200 Hz 300 Hz 400 Hz
14k i 14k
>
12k 1 12k
0.5 0.5
10k 0'2 10k ’ \ 0'2
0.1 vt 0.1
8k som S 50m
6k 20m ek 20m
10m 10m
4k 5m 4k 5m
2m 2m
2k J_ 1ri 2 im
0 10 200 300 400 500 0 1 200 300 400 500

[Hz] Led

Figure 3. 24 :(0-500 Hz) Run up FFT diagrams a) unloaded, b)ddad

Run down measurements are presented in Figure 3I2¥ese measurements are
recorded when the electrical power to the motautsoff, allowing the observations
of mechanical vibrations only. By comparing the-tp and run-down (coast down)

measurements, it is then possible to identify eb@cagnetic based vibrations.

0 100 200 300 400 500
[Fe]

Figure 3. 25 :a) Unloaded, b) loaded run-down FFT measurements.
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Comparisons of run and run down diagrams reveatliffierence which is due to the

electromagnetic vibrations. As a matter of factfedences between these diagrams

are very noticeable.

As can be seen, 50 Hz,HA)®00 Hz ... and also sidebands

are not seen in run-down measurements. These sesudiv that, electromagnetic

vibrations can be determined via vibration and enrmeasurements.

80 160 240
[He]

Figure 3. 26 :a) Unloaded, b) loaded run-down FFT measurements.

Acceleration measurements discussed up to nowalbperformed using the 50 Hz

main power line. 60 Hz main power line is also usedrder to determine the effects

of the main power line frequency on the accelematind current vibrations of the

motor. Requirement of electrical current is inceghdue to the increase of the load,
so sidebands and 50 Hz data can be observed neamtyah Figure 3.26.
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Figure 3. 27 :a) Unloaded, b)loaded run-down FFT measurementh @0 Hz
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Since the electrical motor is normally driven bgantroller in typical applications,

some measurements are also made using a motooltem({Figure 3.27). As in the

previous cases, loaded and unloaded measurememtpeaiormed. When FFT

diagram is carefully investigated, not only 100 Hzd its harmonics but also
sidebands of these harmonics are clearly seeneirtdmparison of the run-up and
run-down diagrams given below (Figure 3.27).

10K
ok NN

0 100 200 300 400 500
[He]

0 100 200 300 400 500
[Hz]

Figure 3. 28 :FFT a) run-up and b) run down measurements takesm @ontroller-
controlled measurement set-up.
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4. DEVELOPING A FORCED VIBRATION MODEL FOR UNIVERSAL
MOTOR

In order to perform dynamic analyses and also tnope the performances of
machines, numerical models validated by experimhetdta are necessary. In this
chapter, numerical models for ball bearings and omqtarts are developed
separately. Then, these models are assembledteqesdict the dynamic behaviour

of the complete electrical motor.

First of all, a numerical model for the ball begsnare developed. Then, individual
parts (stator, rotor, front cover, rear cover) ofedectrical motor are modelled based
on FE approach. The individual models of the eleaitrmotor and the ball bearing
model are assembled and thus free vibration madebiained. Finally, in order to
build forced vibration model of an electrical mqt@pproximate forces that are
caused by electromagnetism and ball bearings akided in the model and
acceleration-based Campbell diagrams are obtaimech fsimulations in MSC
ADAMSs platform.

4.1 Developing The Ball Bearing Model

During this study, a single row deep groove ballrivey is used. The model number
for the specific ball bearing studied here is 62@24n Figure.4.1 and Table.4.1 the
sectional view and some properties of the ballibgawith important dimensions are
shown.

B 11

r 05
r1.zmin 0.5 ama

y ® O
* | rHI‘I‘l!K DIE
D 33 d 15 Damax 308

Dy 304 lm 7 Ay 19,2

ry2min 0.

@ I

Figure 4. 1 : Section view of the 6202-2Z ball bearings
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Table 4.1: SKF 6202 ZZ ball bearing critical physical propevaiues

SKF 6202 ZZ Bearing

Ball Pitch Contact Number of
Diameter Diameter Angle Balls Clearance
BD [mm] PD [mm] b [rad] n [unit] Cdym]
6 24,60 0,3 8 11-25

Individual elements of the ball bearing are modeHs rigid bodies because of their
high stiffness and low mass properties. Their r@tirequencies are out of our
interested frequency range. Besides, this typessfiraption also leads to effective
use of computer CPU time. However, the rigidityuasption of the ball bearing
components can limit the observation of high fregpyevibrations. On the other
hand, a flexibility assumption of these componerats lead to very severe increase
in CPU requirements. The vibrations associated thidhmodes of individual bearing
components are beyond the scope of this thesialldbaring consists of inner and
outer rings, rolling elements, and cage and forestypes shield or sealing. Shields
or sealings are not included in the model.

Figure 4. 2 :Bearings used in a) electrical motor and b) ithercal model.

Some assumptions are made during the developmebalbbearing model using

MSC ADAMS software. In accordance with the rigidagsumption, the inner and
outer rings and the rolling elements are assumdektagid. However, the contact
stiffness between the rings and the balls (Figusg.4re included and can be
determined based on the Hertzian Theory. The cag®ecting the balls to each
other, is modelled using rigid links. The balls positioned equi-pitched around the
inner ring and there is no interaction between th&he process of building up the

ball bearing model using ADAMS software is desatilre detail in reference [30].
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Inner ring contact circle

Kuuter

Kinner

Outer ring contact

Contact circle of

Kinner [N/mm]

Kouter [N/mm]

9,03E+05

9,45E+05

Figure 4. 3 : The contact stiffness between contacting comperemd their values.

Bearing model is analysed and it is seen that bgamodel can be produce its
particular excitation forces. Outer ring is fixedtkboearing model is free during
analyses. The acceleration of the point A showrigure 4.4 on the inner ring along
the vertical direction is obtained from MSC ADAMS$nsilations. A Fast Fourier

Transform (FFT) is applied to the time-domain data the amplitude spectrum is
obtained when the system is at steady state ancbtagonal speed is 1200 rpm. As
seen in Figure 4.5, the rotational speed at 2084, Passing Frequency (BPF) at 61
Hz and its harmonics at 122, 183.... Hz are alibies Also, there are significant

peaks at sidebands of the BPF and its harmonias Flindamental Train Frequency

(FTF) of this system is 7.68 Hz. The sidebandfiefBPF are BPF tnxFTF.

Figure 4. 4 :Measurement point of acceleration of the ball ingar
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Figure 4. 5 :The amplitude spectrum of the standalone ball hgariodel.

4.2 Developing Individual Parts of Electic Motor Model

Basically, individual parts of a universal motockwas stator, rotor, front cover, rear
cover are modelled via numerical approach by usiKg-DEAS package software.
In order to reduce CPU time, front and rear coaes modelled by shell elements
rather than solid elements. But first, solid modefsfront and rear covers are
transformed to shell models and after this prot¢ksse shell models are built as a
shell FE models. FE model of front cover, rear covetor and stator are shown in
Figure 4.6-9, respectively.

b)

Figure 4. 6 :Front cover a) solid model, b) surface model, E)kodel

Approximately 30000 thin shell linear quadrilateedéments for front cover and
50000 thin shell linear quadrilateral elements fear cover numerical model are
used.
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a) b)

Figure 4. 7 :Rear cover of electric motor, a) solid model, inface model,
c) FE model.

SOLID
PARTS

FLEX PARTS

Figure 4. 8 :Rotor model of electric motor

FE model of the rotor (Figure 4.8) consists ofexifhle shaft, a flexible armature and
other rigid parts including commutator, windingsjlley. During the modelling
process, it is aimed to limit the the number okifide parts as much as possible in

order to save CPU time.
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Figure 4. 9 : Stator, a) solid model, b) FE model.
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Numerical FRF of Front Cover
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Figure 4. 10: Numerical FRF and modéapes of front cove
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Figure 4. 11: Numerical FRF and mode shapes of front c«
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Figure 4.12 : Numerical FRF and mode shapes of r«

Approximately 4000solid parabolic tetrahedroalements are used in numeri

model of the statorSome holes and ré are ignoredbefore creating FE modin

order to minimise the number of degrees of freedontie mode Once the models

arebuilt, numerical modal analyses are cat out; also numerical FRFs are obtair

from I-DEAS commercial softwar Fopr each parthe response and excitation-

ordinates for the calculated FRFs are the sambaas tin measured FR The first

few natural frequencies arcorresponding mode shape® given irFigures 4.10-13.
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Figure 4.13 : Numerical FRF and mode shapes of st
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4.3 DevelopingFree Vibration Model Of The Electric Motor

Experimentally verifiedvibration models cindividual parts areassembled in MSt
ADAMS platform i order to obtain tt free vibration model of thenotor assembl
in this step. Ball bearing model is aladded to the assembly of thetor. Finall,
all numerical models includg bearingsare assembled and in the light of

experimental data, motoradel isrefined and improved. The numericabtor mode
illustrated in Figure 4.1# built using MSC. ADAMS softwar

Figure 4. 14 Numerical model of electrical motor

Numerical FRF of Motor

00

1000
100
= 717Hz
Z 10
~
Eﬂ . '\\
S—
£ 200 400 6)0/\8(W LOBG——TTOT— TG N\ttt
E "L\/
0,01
0,001

Frequency [Hz]

Figure 4. 15 :Numerical FRF oobtained from motor model.

Numerical frf ofthe motor assembly is obtaineFigure 4.15).The mode shape «
the electrical motor arresponding to natural frequency 717 Hzis obtained iom
numerical modal analysis @esente in Figure 4.16. Theext step after modellin
the free vibration model dhe motor is to built forced vibration modeh this step, i
flywheel (a cylinder) whichs used during forced response meaments is als

added to the numerical mo (Figure 4.17) Saalled bushings elements also
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included in the model so as to represent the sggpesystem used during the forced
response measurements of the motor. An estimatéddffhe motor including the

flywheel and the suspension strings is is giveRigure 4.18.

Figure 4. 16 :First bending mode shape of the electrical motor.

Figure 4. 17: Numerical model of suspended motor.
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Figure 4. 18 :Numerical FRF of the suspended motor with a flyglhe

4.4 Developing A Model for Electromagnetic-Based Vibrabns

Principle of operation of electric motors is basedelectromagnetic excitation. In

this section, it is aimed to develop a model fecglbmagnetic excitation mechanism

in order to improve the understanding of electronetig-based vibrations in electric

motors. A simple model of electromagnetic excitatis presented in Figure 4.19

which shows a simplifiedrotor, comprising four armi$e tips of these arms are

assumed as points where electromagnetic force8lket.circular element represent

bearings, which is connected to the ground by gprio, electomagnetic forces

acting on the rotor are balanced by the springeforc

Figure 4. 19 :Simple electromagnetic excitation model of a rotor
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Different positions of simple model while it is abing are depicted in the Figure
4.19. Forces applied to the vertical arms’ tip mreimum (zero) but horizontal ones
are maximum for the first state. After a little Wehhorizontal forces are decreasing
but vertical ones increasing gradually in the sedcstep. Third position of the
illustration shows just the same state but forecesbager than the second state. One
period of the motion is completed in the fourthpstd the illustration. Functions of

applied forces are shown below;

cos(@) |10sin (50(2m)time)]| 4.1)

Main electric power with 50 Hz is used for runnitige electrical motor and as a
result, electromagnetic forces are acting at 1@QdHthe rotor slots of the electric
motor. Equation for this rectification is implemedtby using ABSOLUTE (ABS)
operator in ADAMS software. The amplitudes of thdseces are chosen as
appropriate levels. However, at any given instatiteamplitude of the
electromagnetic forces around the circumferendbefotor are not equal due to the
operating principle of the electric motor in thisudy. So, electromagnetic force
amplitudes are also multiplied by cosine functioider to represent this condition.
The resulting electromagnetic force is evaluatedlbserving the spring force. The
force that is developed on the spring is giveninmetdomain in Figure 4.20. It is
clear that applied force on the spring is a statice, because all forces are balanced

around the rotor. So these forces induce only &rqu

SPRING_1_MEA_2

500

4004

3004

200+

100 4

00 T T T
0.0 50 10.0 15.0 200
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Figure 4. 20 :The spring force for the first case, each coufuteresin the horizantal
and vertical arms are equal around the rotor.
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Counter forces on the rotor are not equal in pcadiecause of inequality of copper
windings’ cross section areas in slots and alsguakty of permeance of all the
points of on the rotor. In this case, counter fercdé rotor arms are applied as
unequal from each other so as to model this impeoie. Implemented equations are

shown below;

cos(0) |8sin (50(2m)time)| 4. 2)
cos(0) |6sin (50(2m)time)| 4. 3)
cos(0) |10sin (50(2m)time)| 4.4
cos(6) |8sin (50(2m)time)| (4.5)

The estimated spring force in time domain of tresyrmodel is given in Figure 4.23.
It is seen that both the static and the dynamice®mon the spring are available this

time.

400 14

30.0

10.0

00 T T T
0.0 5.0 10.0 15.0 200

Tima (cart

Figure 4. 21 :Time domain data for the dynamic spring force

Forward and backward sidebands of 100 Hz and its\boics are clearly seen when
spring force STFT is investigated. Reflections1®0 Hz and 200 Hz can be
observed as in the experimental measurements.1X Rifdds are resulted in the
spring. This observation is important becausentmat observed in the experimental
studies due to the unbalance forces. Unbalanae=doare shadowed these 1X

electromagnetic forces. STFT diagram of springdascgiven in Figure 4.22.
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Figure 4. 22 :STFT diagram of the spring force.
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Figure 4. 23 :Amplitudes of the spring force do not change rineti

The electrical current applied to the electricaltonas evaluated in terms of its
frequency spectrum in previous chapter. 50 Hz whsewed as a dominant
frequency and also hormanics of 50 Hz were alsapp. From this point of view,
other main power current components (100 Hz andHA0 are also included in the
numerical model. These current flow components edusome changes in the

vibration spectrum of the model. In this case, ls&hel forces of 50 Hz and its odd
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harmonics are also observed. The results of thedbeced forces (Figure 4.24) are

shown below;

12000

S000
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6000 |
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0 50 100 150 200 250 300 350 400 450 500
Frequency [Hz]

Figure 4. 24 :STFT diagram of the spring force when the maictele power
consists of additional frequency components (10@uktk 150 Hz)

Figure 4. 25 :Numerical model of the rotor and applied electrgnetic forces.

Previously presented simple electromagnetic malabtlopted in to the rotor model
(see Figure 4.27). This rotor has 18 slots, so dletromagnetic forces are
implemented all of these slots as a perpendiculaction. Functions of applied

forces are the same as in the simple electromaghttdel and each counter forces

in slots has different amplitudes.
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5. COMPARISONS OF NUMERICAL AND EXPERIMENTAL RESULTS

5.1 FRF Compasisons For Individual Parts Of The Motor

Results of the experimental modal analysis are t@medalidating and improving the

numerical models. Experimental results are compaviéd numerical results and

studies for model improvement are performed bygigerative approach. After this

improvement process, the degree of correlationexeki between the measured and
the predicted FRFs are illustrated in Figures 6.3.6 for various parts as well as for

the assembled motor in two diferent configuratioRise good correlation between

the numerical and experimental results is cleaglgns Especially for the first two

natural frequencies, the predictions are in veryodyoagreement with the

measurements.

a. Front Cover
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Figure 5. 1 :Comparison of predicted and measured FRF of from:ic
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b. Rear Cover
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Figure 5. 2 :Comparison of predicted and measured FRF of reaarco
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Figure 5. 3 :Comparison of predicted and measured FRF of rotor.

d. Stator
|
100 = Experimental_FRF
Numerical (Hz) Experimental (Hz) Deviation (%)
= 1810 1809 0,055
~ 10
<
<
E
<
] __/

1
(P 5%0 100 Qe 500 Z%O
0,1

’ Frequency [Hz]

Figure 5. 4 :Comparison of predicted and measured FRF of stator.
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e. Motor
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Figure 5. 5 :Comparison of predicted and measured FRF of motor.
f. Motor with flywheel
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Figure 5. 6 :Comparison of predicted and measured FRF of sugsplemator.

5.2 Compasisons Of The Dynamic Results

A simple model for electromagnetic vibrations isgented in previous chapter.

Experimental and numerical results are comparethis section. Observations in

terms of similarities and differences between thmeedels are discussed.
As can be seen in the Figure 5.7, the sideband®®fHz and its harmonics can be

detected quite easily from measured Campbell dmgraVibrations mechanism

predicted using the simple electromagnetic modethis same as seen in the

experimental measurements.
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Figure 5. 7 :Comparisons of electromagnetic based sideband300Hz and its

harmonics, a) Experimental measurements b) simgtéremagnetic
vibration model STFT data

When the rotational speed of the motor is reachetié main power line frequency,
left sideband of the 100 Hz goes to the 0 Hz. Timsumstance is the same in both
experimental and numerical diagrams. But as onesearin the model, vibrations of
100 Hz and its harmonics are not available in tinmerical model. These forces are

felt only by the stator; that is why we cannot gese effects in this simple model.
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6. CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORKS

6.1 Conclusions

In this study, a forced response model of a unateesectric motor is developed
using MSC ADAMS software platform. During this pess individual parts of the
electrical motor are modelled using FE approachtaed dynamic properties such
as natural frequencies and damping levels are iegrifia experimental modal
analyses. After this verification process, firsthe models for individual parts
including bearings are assembled so as to obtaeiibration model of the electric
motor. Approriate interface and other boundaryditions are imposed during this

assembly process and FRF verification is madehisrftee vibration model.

Bearings are included the forced vibration modelorder to monitor excitation
frequencies associated with bearings. Also, a madkieal expression is established
which has the ability of simulating electromagneticitation. Substantial amount of
vibrations measurements are made during run-up caagt-down of the electric
motor in order to understand the dynamic charesttes of the electromagnetic
excitation and the resulting vibrations. The cdlelcdata are processed to obtain
Campbell and Order diagrams which are used to ctearse the vibrations due to

electromagnetic effects in electric motors.

In order to compare and validate the numerical moti¢éhe electrical motor, a test
rig is also designed and developed for acquiringeerental data. The main
objective of this test rig is to measure the forcesbonse behaviour of the electric
motor itself without the effect of the structuremty be attached to. Accordingly, it
is decided to perform the tests in free-free cood. A flywheel (cylindrical part),
whose mass moment of inertia is equal to the ragparts of the washing machine
including the washing load, is assembled in frointhe electric motor in order to

simulate the operating conditions.

Electormagnetic excitation mechanism is modelledguapproximate mathematical
expressions and this model is first applied tangke rotor model in order to check
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whether the model for eceltromagnetic excitationcia@mism can reproduce the
associated vibrations. After obtaining satisfagt@sults from simple rotor model,
the electromagnetic excitation mechanism is alg@iegh to the numerical model of

the electric motor itself.

6.2 Suggestions For Future Works

In forced vibration model of the electric motorpall bearing model is used to see
the excitation frequencies. The ball bearing madel be improved. However, an
improved ball bearing model may substantially #ase the computing effort.
Definition of the interfaces between individual {gaof the electric motor can be
improved further in order to obtain better cornelat between measured and
predicted vibration levels. So as to decrease ctinguime for forced vibration
model, optimum mesh density for individual compdsenf the motor can be
studied. Finally, the test rig can be improved sd@better simulate the operating
conditions in terms of load and boundary conditions
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