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1. Introduction

1.1 Background

Since their invention in the beginning of the 19t century, electromechanical en-
ergy converters, such as electrical generators and motors, have been a prevalent
factor of industrial and infrastructure development around the globe. There
have been numerous types of electrical machines developed for different kinds
of applications, and the research and development of electrical machines tech-
nology remain as a significant area in electrical engineering. The term electrical
machines in electrical engineering generally indicates any machine that uses
electromagnetic forces as the principle behind their operation. Hence, the back-
bone of design, development and analysis of electrical machines comprises the
study of electromagnetic forces and associated electromechanical phenomena.
Electrical generators produce nearly all the electrical power on the planet and
electrical motors driven systems consume around 45% of this power. The pre-
sent world electrical machines have attained more than 95% efficiency with in-
novative designs and control algorithms. Electrical machines are the linchpins
in the engineering driving force of industrial, commercial, automotive and resi-
dential sectors. Industrial development has taken its toll on the planet in the
form of pollution, climate change and related negative impacts on the environ-
ment. The conservation of the environment and reduction of fossil fuels point
to green energy and alternative forms of energy technologies that are sustaina-
ble and eco-friendly. Switching to electrical machines from fuel-based technol-
ogies reduces the negative environmental impact, although electrical machines
are not entirely free from polluting effects and carbon footprints. However, in
recent years, there has been a world-wide increase in the use of electrical ma-

chines in place of traditional fuel engines. One chief area is the automotive in-
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dusty, where the development of electric and hybrid vehicles has escalated mas-
sively in the last decade. Since the development of global infrastructure relies
heavily on electrical machines, the focus on developing highly efficient ma-
chines with minimal polluting effects is of critical importance.

The reduction in electrical machine losses - such as load losses, iron losses,
mechanical losses and additional losses - is attained by advanced optimization
techniques in terms of machine design, manufacturing processes and the selec-
tion of materials for different parts of the machine. Besides the electrical ma-
chine itself, other components in a power train, such as frequency converters
and related drive modules, all contribute to the performance of the machine.
One major consequence of the operation of electrical machines is their vibration
and subsequent acoustic noise. The causes of vibration and noise can be divided
into different categories such as electromagnetic, mechanical and aerodynamic
facets. The electromagnetic causes of vibrations were found to be magnetic
forces and magnetostriction. The magnetomechanical phenomenon that causes
geometrical deformation in a ferromagnetic material under the influence of an
external magnetic field is called magnetostriction. The mechanical components
such as the bearings and cooling systems also contribute to unwanted vibrations
and noise. A solid grasp of the magnetic forces and magnetostriction and ways
to mitigate their undesirable effects are hence critical factors in vibro-acoustic
studies of electrical machines. The study of these phenomena includes the ana-
lytical and numerical modeling of magnetic forces, magnetostriction, vibration
and noise through electromagnetic, magnetomechanical and vibro-acoustic
models.

The vibrations in electrical machines produce undesirable acoustic noise in
nearby environments and it can also cause weakened performance and lifespan
of the machines and associated systems. Analytical and numerical modeling, in-
vestigation of causes of vibration and noise, and development of methods to re-
duce the vibro-acoustic phenomena in machines are hence significant in ma-
chine design and condition-monitoring phases. Accurate models of magnetic
forces, forces of bodies in contact, electromechanial coupling phenomenon and
acoustic noise are indispensable in such studies. This thesis attempts to develop
computational methods for electromagnetic phenomena such as magnetic
forces and magnetostriction, and apply those models for the analysis of vibra-

tion and acoustic characteristics of electrical machines. The major attention will
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be on the calculation of magnetic forces and implementing those using Finite
Element Analysis (FEA) software tools. Furthermore, the use of magnetic forces
in vibration analysis and the development of magnetomechanical coupled mod-
els, including magnetostriction in detailed vibration analysis of electrical mo-
tors, are presented. Finally, the outputs from the magnetomechanical models

are taken into the acoustic realm for the computation of noise.

1.2 Objectives and Focus of the Thesis

The main aim of the thesis is to develop magnetic and magnetomechanical com-
putational methods for electrical machines by implementing calculation models
for magnetic forces, magnetostriction, vibration and noise. The Finite Element
Method (FEM) is the numerical tool used for electromagnetic and magnetome-
chanical computations, and for acoustic studies, the Boundary Element Method
(BEM) is employed. The major focus has been given to applying the models in
different kinds of electrical motors, articulating extensive investigation methods
both computationally and experimentally to understand the electromagnetic
phenomena behind vibrations and noise. The study covers the examination of
both material level and component level features of the machines.

The electromagnetic forces are computed using methods that suit the applica-
tion of magnetic forces to vibration analysis and for special cases like two bodies
in contact, where an infinitesimally small airgap is present in a machine. The
vibrations of electrical motors are examined with different magnetomechanical
coupling methods to understand the effect of both magnetic forces and magne-
tostriction. The sound produced by vibrations, or the noise, is calculated by cou-
pling the finite element and boundary element methods.

The major focus of this thesis is on studying the vibrations in electrical motors
due to the inherent properties of iron, such as electromagnetic forces and mag-
netostriction. These two phenomena are extensively analyzed and the thesis re-
views how they contribute to the mechanical deformations and vibrations. De-
spite having done the study of vibrations using measurements and frequency
analysis, the mechanical aspects related to vibrations - such as modal analysis
and the influence of frame and mechanical bearings - are beyond the scope of
this thesis because the author has concentrated on investigating the mechanics
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and vibrations of machines predominantly from an electromagnetic standpoint.

Besides, an expansive examination of vibro-acoustics and noise analysis is also

beyond the space constraints of this thesis. The acoustic noise analysis is pre-

sented in the final part of the thesis primarily to establish the interconnected

nature of the magnetic, mechanical and acoustic properties of an electrical ma-

chine, and hence to demonstrate the importance of electromagnetics in vibro-

acoustic studies.

The main scientific contributions of this thesis are summarized as follows:

The computation of electromagnetic forces using the Virtual work prin-
ciple is successfully implemented in this thesis to calculate the General-
ized Nodal Forces (GNF). The nodal forces are crucial in vibration stud-
ies as they are localized forces on nodes that facilitate accurate compu-
tation of deformations in machine geometries and resulting vibrations.
The nodal magnetic forces are utilized in a direct magnetomechanical
coupling to compute the vibrations and stress distribution in electric
motors and end windings, and it has been found to be a simple but effi-
cient method for the calculation of mechanical quantities such as stress,
deformations and vibrations in different parts of a machine. Moreover,
the implementation of both 2D and 3D computational models in an
open-source finite element software tool that has been originally done
for this thesis provides a cost-effective, yet efficient means for numerical
computations of electrical machines.

An effectual method to compute the magnetic forces on bodies in contact
is developed and proved to be very accurate from the comparison be-
tween experimental and numerical calculation results. As a contribution
of this thesis, the application of the Virtual work principle is extended to
the so-called degenerated air-gap elements to calculate the magnetic
forces where an infinitesimal air gap is present. This method reduces the
finite element computational burden associated with heavy meshing of
thin layers in intricate parts of the machines, without compromising the

accuracy of the results.
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A free-energy based coupled magnetomechanical model to consider
magnetostriction is employed for studying the deformations and vibra-
tions in electrical motors, with experimental verificatios. This improves
the accuracy of vibration computations, because the dependency on
magnetic material properties on magnetostrictive stress is considered in
this model. Besides, the computational results using this model indicate
that the interaction of magnetic forces and magnetostriction changes the
deformation behavior of the core material and hence the magnitude of
vibrations in electrical motors. The magnetomechanical simulation re-
sults were compared with vibration measurements and proved to be re-
liable.

The interaction and effect of magnetic forces and magnetostriction in
electrical steel sheets is studied through an original experiment to ana-
lyze how these two phenomena contribute to the mechanical defor-
mation of ferromagnetic materials. This study gives light on how differ-
ent parameters, such as the structure of a material sample, and the
method of electromagnetic excitation affect the geometric deformations
of the material. In any scenario where a ferromagnetic material is elec-
tromagnetically excited, the defining factors that determine which phe-
nomenon among magnetic forces and magnetostriction dominates over
the other are the shape of the material, especially whether an air gap is
present or not, and the manner in which the material is magnetically ex-
cited.

The electromagnetically-induced vibrations and noise in high speed
electrical machines are extensively analyzed with the help of magnetic
and magnetomechanical models and simulations. The study on a high-
speed solid-rotor induction motor has helped to understand the causes
of deformations and vibration in the motor. This study has examined
and been successful in finding out how the magnetic forces, magneto-
striction, the means of power supply (like frequency converters) and the
presence of faults (such as eccentricity) influence the vibration behavior
and acoustic noise in high-speed motors. A combined FEA and measure-
ment-based magnetomechanical vibration analysis of high-speed indus-

trial motors is an originality component of this study.
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e In the final phase of the thesis, the acoustic noise in electrical motors is
studied using a coupled analysis of the Finite Element and Boundary El-
ement Methods. The Boundary Element Method is a cost-efficient and
accurate scheme for acoustic studies because it reduces the computation
time and storage requirements of simulations compared to Finite Ele-
ment Analysis. The sound pressure produced by the vibrations in a mo-
tor is successfully computed with the Boundary Element Method. This
study brings an original contribution through a full numerical analysis
presenting the preparation of theoretical equations, coupling methods
and a multi-stage simulation of magneto-vibro-acoustic chanarecteris-

tics of a machine.

1.3 Outline of the Thesis

This thesis is divided into five chapters. In the current chapter, the author in-
troduces the research topic and explains the objectives of the research and the
scientific contributions of this work. The second chapter consists of the litera-
ture review of the research topic which is relevant to this thesis. In Chapter 3,
the experimental and numerical models and methods used in this thesis are ex-
plained. Chapter 4 presents the results of the computational and experimental
studies. Finally, in Chapter 5, these results are discussed and concluded with
suggestions for potential future research related to the topics covered in this

thesis.
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2. Review of Relevant Research

This chapter presents the most appropriate and significant research that has
been done over the past years related to the topic of this thesis. First, the basic
theory of electromagnetic forces is presented with explanations on the im-
portance and effect of magnetic forces in the operation of electrical machines
and various computational methods for these forces. Then a review on the topic
of magnetostriction is given with brief descriptions of various magnetomechan-
ical models to calculate the magnetostrictive effect in materials and machines.
After that, the vibration phenomenon in electrical motors is explained and dif-
ferent causes behind the vibrations are described. Finally, the vibro-acoustic
studies into electrical machines are presented and the computational tech-

niques for acoustic noise in the preceding literature review are depicted.

2.1 Ferromagnetism and Magnetic Forces

2.1.1 Ferromagnetic Materials

This thesis studies extensively the magnetic forces in ferromagnetic materials
and electrical machines using analytical, numerical and experimental proce-
dures. Before pitching into the studies and literature on magnetic forces, a re-
view of ferromagnetism and ferromagnetic materials is essential. Ferromag-
netism is the property of some materials such as iron that enables these materi-
als to form magnetic properties. The ferromagnetic property of such materials
is characterized by their crystalline structure and microstructure. The elements
found in nature such as iron, cobalt and nickel all exhibit ferromagnetic prop-
erties. The alignment patterns of their atoms contribute to the magnetic prop-
erties of these materials, as these atoms can act as elementary electromagnets

having magnetic moments. In terms of their crystalline structure, it can be
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stated that they are formed of grains with a uniform crystal structure but differ-
ent magnetic dipole moments. The application of an external field enables the
magnetic dipoles to align in a way that the magnetic fields reinforce each other.
However, this magnetic property of ferromagnetic materials exists only below
the Curie temperature, above which they lose their magnetic characteristics.
Above the Curie temperature, the magnetization of the ferromagnetic material
disappears, and it becomes paramagnetic. The Curie temperatures for iron is
1043 K, for cobalt it is 1394 K, and for nickel, 631 K.

The magnetic domain theory was developed by the French physicist Pierre-
Ernest Weiss in 1907, according to which the ferromagnetic solids consist of re-
gions called domains. The Barkhausen effect (coined by the German physicist
Heinrich Barkhausen in 1919) explains the changes in the size and orientation
of magnetic domains of ferromagnetic materials such as iron when it is sub-
jected to an external field. The Barkhausen effect provided direct evidence on
the existence of ferromagnetic domains. By the 1940s, many physicists in Eu-
rope had already explored the phenomenon of Ferromagnetism and Ferromag-
netic materials. The layers between the domains in ferromagnetic materials are
known as the Bloch wall, named after the scientist Bloch (1932) who had done
a great amount of studies on ferromagnetic materials and their domain struc-
ture. The basic problem regarding the origin of magnetic domains in ferromag-
netic material was solved by L. Landau and E. Lifshitz in 1935. The paper enti-
tled The Physical Theory of Ferromagnetic Domain by Kittel in 1949 exten-

sively explained the domain theory to the world.

2.1.2 Forces

The term force(s) has a broad meaning in electromagnetic studies, as it can be
interpreted in different ways depending on the scenario. In general, forces can
be divided into total force(s) and distributed force(s) according to the standard
of mechanical terminology (IEC 60027-11992). In the case of magnetic force(s),
terminologies such as nodal force(s) and force distribution can also be seen in
the literature.

There are different formulations developed by researchers for the computa-
tion of magnetic forces (Carpenter 1959), and all those formulations result in

the same total force acting on a part of the machine (Muller 1990). The method
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for computation of distributed forces is different in all the established
formulations and there is no explicit proof showing which formulation is the
best way to calculate the forces. According to Melcher (1981), magnetic force
can be defined as the rate of change in magnetic energy when the magnetic
medium is undergoing an incremental displacement, with the magnetic
excitation held fixed. The book Continuum Electromechanics (1981) by Melcher
is a significant contribution to the electromechanics field, detailing
electromagnetic forces, force densities and stress tensors.

In the context of an electrical machine, three types of forces exist, viz,
Reluctance forces, Lorentz forces and Magnetostrictive forces. Reluctance
forces can also be termed as Maxwell forces as the force density is proportional
to the normal component of the Maxwell stress tensor (Carpenter 1959, Melcher
1981), and the force can be calculated by integrating the Maxwell stress on a
closed surface located in air. These forces are called Reluctance forces because
they are forces acting on the boundaries between materials having different
reluctivities. Lorentz forces are produced by the current flow in conductors
when they are placed in a magnetic field. And Magnetostrictive forces act inside
the iron core of machines arising from the intrinsic characteristic of the iron,
magnetostriction.

The force computation using Maxwell stress tensor was studied and
implemented for the total force computation in the rotor and torque
computation in electrical motors by Arkkio in 1987 in his PhD thesis. Later on,
Belahcen et al. (1999, 2001) developed the radial component of the Maxwell
stress tensor into the Fourier series for vibration studies. The surface integral of
the normal component of the stress on a surface encircling the volume under
consideration gives the force density. Hu, Guo et al. developed an analytical
model to calculate the magnetic field and forces in synchronous motors
accounting for the end effects using subdomain method and verified their
results with numerical and experimental studies (Hu, Guo et al. 2016).

The Virtual work principle is used in this thesis for the computation of
Generalised Nodal Forces and later for the forces on bodies in contact with
infinitesimal air gaps. The method of the local Jacobian derivative was
employed by Coulomb (1983) for the evaluation of the derivative of any integral
quantity versus the parameter of motion of a rigid body, and he applied this

method to calculate the magnetic force and torque using the Virtual work
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principle. He proved that the numerical results of magnetic force computations
based on the Maxwell stress tensor and Virtual work principle are the same;
provided a good tensor integration surface is chosen in the calculations.
Moreover, in Coulomb’s work (1983), the computation of torque from the forces
calculated by the Virtual work principle has given the same result as in the
Maxwell stress-tensor method. In Fig. 2.1, a finite element mesh is depicted
showing the moving and fixed nodes in an arbitrary distorted area of the mesh.
The method using the Virtual work principle has been proved as fast and
accurate for the finite element implementation as in the software tools devised
and used by Sabonnadiere et al. (1982). In a study published five years later,
Reyne et al. (1987) presented a review on difference magnetic force computation
methods and concluded that the method of derivative of energy is the most

appropriate one.

Fixed part

e e

Moving

Figure 2.1. Layer of distorted finite elements demonstrated for force calculation using Virtual
work principle, X - fixed nodes and . — moving nodes (Coulomb, 1983)

An edge-element based method that used differential geometry for the
calculation of local forces was introduced by Bossavit (1992). In their work, Ren
and Razek (1992) presented an extension of this edge-element method
combined with the local Jocobian derivative method. They succeeded in
calculating the nodal magnetic forces by differentiating the magnetic energy in
a finite element with respect to the virtual displacement of the nodes of that
element. Depending on the FE formulation, the magnetic energy was expressed
either as the circulation of the magnetic field along the edges in magnetic
formulation, or as the magnetic flux density across the faces in electric
formulation. Delaere (1999) approached the magnetic force computation in

more of a numerical way and proposed a method by presenting the magnetic
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energy in terms of magnetic vector potential. In 1993, Kameari proposed
computing magnetic forces using a three-dimensional finite-element method
that uses the volume integration of the Maxwell stress tensor with respect to
virtual displacements. This method can be implemented in FEM easily and he
proved that the numerical, analytical and experimental results of the magnetic
forces were in very good agreement. In Fig. 2.2, the results of force computation
and comparison with the experimental results are shown. The above mentioned
three methods give the same total force outputs in theoretical and numerical
computations (Kameari 1993, Belahcen 2001). Moreover, the Lorentz forces in
a current carrying conductor can be calculated using the same methods (Ren
and Razek 1992, Kameari 1993, Delare 1999). The forces in the end-winding of
an electrical motor are calculated in this thesis using the method of nodal forces.
Ren et al. (1994) developed a magnetoelastic-coupled model for the
computation of mechanical deformation in electrical machines, where they used
the principle of virtual work in force computation and concluded that the virtual

work method gives higher accuracy in local force computations.
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Figure 2.2. Left: Nodal force distribution in the center pole and yoke of a magnetised iron
specimen, length of pole of (a) is 48 mm and (b) is 73 mm, Right: Total force
comparison in the center pole (Kameari 1993)

The computation of magnetic forces in bodies in contact or in bodies with an
infinitesimal air gap is carried out in this thesis using the degenerated air-gap
element method. Various researchers have modeled the thin air gap problem in
finite element computation using different formulations. Ren (1998) derived
nodal and shell elements from the degeneration of Whitney prism elements to
solve thin-structure numerical problems. The structure was modeled by a
surface domain on which the scalar and vector variables are approximated by

their averages (or jumps) across the thin structure. The studies by Ren et al.
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presented eddy current problems and thin crack issues in conducting
specimens. They have not used the shell or Whitney prism elements in magnetic
force calculation of bodies in contact or having thin connecting layers. The
technique of degeneration of elements is proposed in this thesis successfully for
modeling nodal force computational problems. Rodger et al. (1987, 1988)
modelled 3D eddy currents in thin-sheet conductors of arbitrary shape. In the
finite element method, they modeled non-conducting regions in terms of
magnetic scalar potential, and thin conducting sheets in terms of a scalar stream
function. They have also presented only the thin conducting structure problems
in their studies. Ren and Razek (1990) employed the boudary integral method
to model thin conducting shell eddy current and its coupling with a mechanical
model for analyzing the thin plate elastic deformation. Guerin et. al (1994)
developed a magnetostatic finite-element formulation for modeling narrow
gaps in an iron core and thin iron shells. The so-called shell elements were
developed for air gaps in transformers or motors. Badics et al. (1994) proposed
a thin-sheet finite-element crack model to study the electromagnetic interaction
between probe coils and crack-type defects. Their computational and
experimental results were in good agreement. Henrotte et al. (2004) developed
an eggshell method for computing forces in rigid bodies and narrow airgaps
using the method of integration of Maxwell stress tensor. They have tested this
method successfully in problems where two permanent magnets are in contact
and problems including movements. Krebs et al. (2009) employed the
overlapping finite element method for connecting non-confirming meshes in
3D. This method consists of projecting the nodes of one surface to another and
vice versa. Later, they extended this method to connect arbitrary non-planar
surfaces by introducing new shape functions (Krebs et al. 2010). The
overlapping method was previously developed by Tsukerman (1992) to model
movement problems in finite element analysis, such as the movement of air-gap
meshes. Lai et al. (2004) also have used the overlapping method for modeling
3D electromagnetic problems with continuously changing air gap sizes. Krebs
and colleagues further developed this method in different formulations such as
vector potential formulation (Krebs et al. 2011) and using both scalar and vector
degrees of freedom with a notion of reference elements (Zaidi et al. 2012). The

degenerated airgap elements method for contact problems in magnetic force
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computations with experimental verification make the proposed method in
thesis unique from the previously established techniques.

Knowledge of the local forces or nodal forces is imperative in the computation
of vibrations in electrical machines. The nodal forces can be used directly in
magneto-elastic coupled computation in numerical tools for the vibration
studies. The Generalised Nodal Forces are successfully utilized in this thesis for
the vibration analysis of electrical motors. In the vibration studies of this thesis,
the magnetostrictive effect is included in the numerical model using a free

energy-based magnetomechanical model.

2.2 Magnetostriction

2.2.1 Fundamentals of Magnetostriction

Magnetostriction is a phenomenon that causes deformations in the geometry of
a ferromagnetic body, when it is subjected to an external magnetic field. This
phenomenon was first discovered by Joule in 1842 (Joule 1847). The defor-
mation in ferromagnetic materials due to magnetostriction is due to the re-
alignment of the initial magnetic domain structure under external field, which
are randomly oriented when the material is not under the influence of a mag-
netic field. When they are subjected to an external magnetic field, the domains
position themselves to align with the magnetic field, which causes deformation
thus creates a magnetostrictive strain field. The inverse effect of magneto-
striction is called the Villari effect (Villari 1865), according to which an external
mechanical stress can alter the magnetization behavior of ferromagnetic mate-
rials.

The presence of mechanical stress affects the magnetostriction in ferromag-
netic materials. There are various studies in literature focusing on the effect of
stress on the magnetostrictive behavior of ferromagnetic materials. The re-
search works by Kittel (1949), Bozorth (1951) and Lee (1955) are significant in
the literature related to magnetostriction and how mechanical stress alters this
phenomenon. In general, ferromagnetic materials possess either positive mag-
netostriction or negative magnetostriction. Positive magnetostrictive materials

expand under the influence of an external magnetic field and their magnetiza-
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tion increases with tensile mechanical stress. Materials with negative magneto-
striction contract when an external magnetic field is applied, and their magnet-
ization decreases with tensile stress.

The studies done by Bozorth in 1945 were focused on the stress dependency
of magnetostriction, where iron-nickel alloys were subjected to cyclic stress and
inferred that the change in induction can be due to three parameters, viz, the
stress dependence of saturation magnetostriction, saturation magnetization
and the crystal anisotropy constant of the material. A theoretical model was for-
mulated by Brown (1949) to portray the relationship between magnetization
and mechanical stress when soft ferromagnetic materials are subjected to low
cyclic stress. Three decades later, Craik et al. (1970) continued Brown’s work by
conducting experiments to prove how low tension and compression could affect
the magnetization of ferromagnetic materials. Birss et al. (1971) have conducted
experiments on the stress dependency on magnetization and studied the

changes in domain structure of ferromagnetic materials under stress.

2.2,2 Magnetostriction in Rotating Electrical Machines

The effect of magnetostriction in electrical motors has been studied by many
researchers in the field of electromagnetics, electrical machines and vibro-
acoustics. In 1995, Laftman investigated the effect of magnetostriction on the
noise produced by induction motors. He proposed an FEM model, based on ac-
tual magnetostrictive data for an electric steel sheet for the calculation of mag-
netostrictive deformation of the stator, although the effects of stress on magne-
tostriction or magnetization were not considered. Witczak (1996) developed a
method for calculating the distribution of magnetostrictive forces acting on the
stator core of an induction motor. He assumed the ferromagnetic continuum to
be isotropic and conservative. He also studied the effect of external stress on the
magnetization curve of electrical steel as shown in Fig. 2.3. The distribution of

magnetostrictive forces in an induction motor is shown in Fig. 2.4.
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Figure 2.3. Effect of external stress on magnetization of electrical steel (Witczak, 1995)

Figure 2.4. Distribution of radial component of magnetostriction force density in an induction
motor (Witczak, 1995)

Delaere (2002) used the principle of Virtual work to compute the magnetic
and magnetostrictive forces where he used the magnetic vector potential to ob-
tain the magnetic energy in FE calculations. He presented the mechanical de-
formation caused by magnetostriction using an equivalent set of mechanical
forces that gives the same deformative effect as magnetostriction (Delaere et al.
2000). Mohammed et al. (2002) presented their studies on the vibrations of a
permanent magnet motor and detailed the significance of magnetostriction in
the stator vibrations of the motor. Vandevelde (2002) developed a method for
modeling the magnetic forces and magnetostriction in ferromagnetic materials,
where magnetic forces, magnetostriction and deformation are considered sim-
ultaneously. Later, he proposed a method to separate the deformation due to

magnetic forces and magnetostriction (Vandevelde and Melkebeek 2003).
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2.2.3 Magnetostriction and Magnetomechanical Coupling

The interaction between magnetic and mechanical quantities in electrical ma-
chines is of high importance in machine design and analysis. Hence the model-
ing of magnetomechanical coupling for numerical computations has been a sig-
nificant topic in the field of electrical machines. Besides, in order to include the
effect of magnetostriction on magnetomechanical coupling, various modeling
techniques have been adopted by researchers. In general, the coupling methods
can be divided into two, viz, local coupling where the constitutive equations of
the material are coupled that describes their interaction, and global coupling
where the new variables are calculated in the deformed geometry. Another clas-
sification is weak coupling and strong coupling. In weak coupling, the mag-
netic and mechanical parameters are computed separately, whereas in strong
coupling, the computation of magnetic quantities is carried out by considering
the effect of the previously computed mechanical quantities. The works by Laft-
mann (1995) and Reyne et al. (1988a, b) can be categorized as weakly coupled
problems. Belahcen (2004) proposed a strong coupling method where the con-
stitutive equations were coupled in the numerical solver and the effect of mag-
netostriction has also been considered. A dynamic model for the magneto-elas-
tic coupling was presented by Belahcen (2005), where circuit equations of the
windings of an electrical motor were also coupled with the magnetic field. The
simulation results of this model on a synchronous generator showed a 20%
change in the amplitude of vibrations between coupled and uncoupled compu-
tations. In another study on a cage induction motor and a synchronous genera-
tor, it was inferred that the magnetostriction affects the vibration behavior of
both the induction motor and large synchronous generator, while the magneto-
mechanical coupling is significant only in the large stators (Belahcen 2006Db).
Ren et al. (1995) and Besbes et al. (1996) developed magnetomechanical cou-
pled models based on strong coupling methods, where the governing equations
of magnetic and mechanical domains were solved simultaneously. Besbes’
model included the variation of permeability with stress and the anisotropic
property of the material. This work showed how the strongly coupled model
with the simultaneous interaction between magnetic and elastic properties is

considered superior compared to the weakly coupled model as shown in Fig. 2.5.

32



Review of Relevant Research

1N -

L i Ly

Ty L

!
I cm: 0.4 KN/m 10" times real deformation 1 cm: 1.4 KN/m 10* times real deformation

Figure 2.5. Distribution of magnetic forces and induced deformation in a magnetostrictive ma-
terial, Left: Non-coupled model, Right: Strongly coupled model (Besbes 1996)

Mohammed et al. (1999) proposed a model for magnetostriction by means of
coupled non-linear magneto-elastic problems in electrical devices. They derived
magnetostriction curves based on analytical formulations from the magnetiza-
tion curve. Later they developed a strongly coupled scheme where the depend-
ency of permeability on mechanical stress was taken into account (Mohammed
et al. 2002). Vandevelde et al. (2008) developed a magneto-elastic computation
method based on two aspects, viz, the magnetic couple density, which can be
represented by equivalent volume and surface force densities, and magneto-
elastic interaction, which is the interaction between the magnetic and elastic be-
havior of the material.

Numerous studies have been conducted based on the stress-dependent mag-
netomechanical modeling in recent years that are different from the above-men-
tioned approaches of couplings. For instance, a multiaxial modeling is per-
formed with uniaxial models using an equivalent stress concept by researchers
Hubert (2011) and Yamazaki (2014). Daniel et al. (2008) proposed a multiscale
approach defining a local free energy at the domain scale and obtaining macro-
scopic magneto-elastic behavior by homogenizing the local behavior. A simpli-
fied version of the multiscale model including magnetic hysteresis is also
adopted later by Daniel et al. (2014).

In this thesis, an energy-based magnetomechanical model is used for the
inclusion of magnetostriction in motor vibration studies. Fang et al. (2004) de-
veloped a phenomenological constitutive model of ferromagnetic materials for
mechanical deformation behavior. They used the stress tensor and the magnetic
flux density as the independent variables. The Helmholtz free energy was ex-

pressed by remanent magnetization and remanent stress. Zhou et al. (2009)
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proposed a general non-linear magnetostrictive constitutive model for soft mag-
netic materials that can predict magnetostrictive strain and magnetization un-
der different pre-stresses. They used the parameters maximum magnetostric-
tive strain, the saturation magnetization, and the maximum susceptibility for
the model formulation. This model has a similar tactic to the proposed model
by Liu et al. (2005) which is based on the concept that a non-linear part of the
elastic strain produced by magnetic domain wall motion under a pre-stress
causes the change of the maximum magnetostrictive strain due to the pre-stress.
Dapino et al. (2000) developed a magnetomechanical model for the magneto-
striction and strain behavior of magnetostrictive transducers including the non-
linearities and hysteresis present in the magnetic response of magnetostrictive
materials and the linear elastic effects. The magnetostrictive effect is modeled
by considering the rotation of magnetic moments in response to the field with
the Jiles-Atherton model of ferromagnetic hysteresis in combination with a
quadratic magnetostriction law. Later, Linnenmann et al. (2009) proposed a
non-linear constitutive model for magnetostrictive materials. In their model,
the independent variables of field strength and strain are split in a reversible
and an irreversible part for the approximation of the hysteresis behavior. Fon-
teyn et al. (2010) developed a magnetomechanical coupling by making use of
the Helmholtz free energy density, which is defined as a function of five scalar
magneto-elastic invariants, where the anhysteretic mechanical behavior is ob-
tained by minimizing this energy (Fonteyn, 2010). This method has been exam-
ined and further developed in various studies. For example, Rasilo et al. (2016)
extended this model to include magnetic hysteresis. Aydin et al. (2016, 2017)
further studied the magneto-elastic interactions in electrical steel sheets under

multiaxial loadings using this model.

2.3 Vibrations in Electrical Machines

2.3.1 Fundamentals of Motor Vibrations

The analysis of vibrations in electrical motors mainly from an electromagnetic
and magnetomechanical viewpoint is a key objective of this thesis. The literature
on magnetomechanical coupling methods by various researchers given in the
above section represent the fundamental computational concepts in vibration
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studies. Hence, the majority of those researches deal also with the vibrational
studies of electrical machines. In this section, a review on the vibrations in elec-
trical motors is given. An extensive study by Vijayraghavan et al. (1998) provides
a detailed history on the vibrations and noise in electrical machines. According
to these authors, the sources of vibrations can be magnetic, mechanical, aero-
dynamic or electronic in origin.

In the early studies of vibrations, using an analytical method, Erdelyi (1955)
calculated the natural frequencies of a motor by treating the stator as a ring.
Verma et al. (1981a) treated the stator and frame as a cylinder in their studies.
Ellison et al. (1968) studied the electromagnetic, mechanical and aerodynamic
causes of the noise. They developed methods and techniques for the measure-
ment of vibrations and acoustic noise in anechoic chambers (Ellison et al. 1969).
Studies by Tsivitse and Weihmann (1971) on polyphase motors covered the
magnetic and mechanical noise sources and their research incorporated the
noise transmission paths along with the sources. Figure 2.6 portrays the stator
deformation caused by magnetic forces. Verma et al. (1981) conducted an exten-
sive study on the vibration behavior and resonance frequencies of electrical ma-
chines through experiments and theoretical studies (Verma et al. 1981a and
1981b, Girgis et al. 1981). These authors have come up with experimental results
on how the resonant frequencies, different mode shapes and the coupling be-
tween components of vibrations affect the vibro-acoustics nature of the ma-
chine. Cho et al. (1998) analytically modeled the vibration behavior of small in-
duction motors and computed the electromagnetic forces, discovering that the
vibrations of the studied induction motor were excited mainly by radial forces

than tangential forces.
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Figure 2.6. Illustration of the production of magnetic noise in an electrical motor (Tsivitse
1971)
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2.3.2 Numerical and Experimental Analysis of Vibrations

The development of numerical methods such as the FEM and BEM has enabled
researchers and engineers to compute the vibrations and noise in electrical ma-
chines more accurately. As mentioned in the previous section, the computation
of magnetic forces and magnetomechanical computations are principally the
numerical methods for vibration studies. Sections 2.1.2 and 2.2.3 address the
important works done in the past related to this area. In this section, some stud-
ies that have concentrated primarily on vibrations based on numerical tech-
niques are given. Reyne et al. (1988a) developed finite element models for com-
puting the electromagnetically induced deformations and vibrations in DC mo-
tors where they calculated the magnetic forces and static and dynamic defor-
mations of stator tips. In Fig. 2.7, the mechanical deformation of stator tips with
a dissymmetry due to an uncompensated armature reaction is shown. Later in
1989, Reyne, Imhoff and Sabonnadiere created a finite element model to com-
pute vibrations from electromagnetic sources using the principle of resolution
based on magnetic sampling (Imhoff et al. 1989). They calculated the excitation
forces using a surface distribution of the local force density on ferromagnetic

materials that gives an accurate mechanical response of the structure.
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Figure 2.7. Mechanical deformation of stator tips of a DC motor (Reyne 1988)

Jang et al. (1991) studied the effect of magnet geometry on the vibrations of
electrical motors using the FEM and formulated some methods for reducing the
vibrations. Using modal analysis and the FEM, Benbouzid et al. investigated the

mechanical and electromagnetic vibration behavior of the stator of synchronous
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machines (Benbouzid et al. 1993), illustrating the modulation effect and excita-
tion due to slots and teeth, and the vibration sources such as edge, teeth and slot
effects. Ishibashi et al. studied the vibrations in small induction motors using
the FEM and explained how the modes of electromagnetic force waves, natural
frequencies and response vibrations are connected in low noise machines (Ishi-
bashi et al. 1998). Wang et al. (1999) developed formulations based on finite
elements for the vibro-acoustic studies of induction motors by comparing the
calculated natural frequencies and the mode shapes with the experimental
modal testing results. The effects of the teeth of the stator, windings, outer cas-
ing, slots, end-shields and support on the overall vibration behavior were ana-
lyzed in detail. Using 2D magnetic and mechanical finite-element models,
Delaere and Hameyer developed a stator vibration spectrum of synchronous
machines (Delaere et al. 2000a, 2002a). They formulated finite-element ex-
pression for local electromagnetic forces including Maxwell and Lorentz forces,
and included magnetostriction as a magnetostrictive force. In their later stud-
ies, Delaere et al. used a thermal stress analogy to model magnetostriction and
compared the vibration spectra of an induction motor due to reluctance forces
and magnetostriction (Delaere et al. 2002b). Besides, the effect of spatial rotor
harmonics on stator currents - and hence stator vibrations - were studied using
transient Finite Element Analysis and the authors concluded that closed rotor
geometry gives less spatial order harmonics and leads to significantly lower sta-
tor current harmonics and stator vibrations (Delare et al. 2003). Hameyer et al.
(2003) combined the magnetic and mechanical finite-element systems into one
magnetomechanical system including reluctance forces and magnetostrictive
forces to study the mechanical deformation and vibrations using both isotropic
and anisotropic materials. Nysveen et al. studied the influence of design param-
eters such as pole and slot combinations and slot harmonics on magnetic forces
and thereby stator vibrations (Valavi, Nysveen et al. 2014a, b). Studies on con-
trolling magnetic forces, and thus suppressing vibrations, can also be seen in
the literature, for example the research by Valente et al. on permanent magnet
machines (Valente, Gerada et al. 2018). Zhang et al. have done studies on ad-
vanced vibration and efficiency analysis methods by developing a low-intrusion
load-evaluation method based on vibration measurements in in-service multi-

motor plants (Zhang, Gerada et al. 2010). Krebs et al. developed a simplified
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electromagnetic-mechanical model for rapid vibration analysis by giving the ra-
dial force look-up table in terms of current and electrical position, given by a
FEM code and Virtual work method on mesh nodes. They studied different in-
termittent control strategies using this model to mitigate the stator vibrations
(Nguyen, Krebs et al. 2019).

The studies by Belahcen on magnetostriction, magnetic forces and vibrations
in electrical motors were concentrated on the effect of magnetic forces and mag-
netostrictive forces on the deformation of stator cores of motors. Besides, elec-
tromagnetoelastic coupling and the effect of which on vibrations was extensively
investigated (Belahcen 2004). The effects of magnetic or reluctance forces and
magnetostrictive forces on elastic structures were differentiated and the stress
dependency of magnetization and the effect of stress-dependent magneto-
striction on the vibrations of induction motors were investigated (Belahcen
2006a). The magnetic forces were calculated using the Virtual work principle
and the magnetostrictive forces were computed by the magnetostrictive stress
method (Belahcen 2005, 2006b). Fonteyn et al. (2010) developed a magneto-
mechanical coupled model to analyze the vibrations of induction motors and
studied how the magnetic forces and magnetostriction interact with each other
and thereby influence the stator vibrations (Fonteyn et al. 20104, b). They used
the Helmholtz energy-based model for including magnetostriction in magneto-
mechanical coupled models in the FEM. The contribution of Maxwell stress in
air-iron boundary was studied and it was concluded that the inclusion of Max-
well stress in air boundary significantly increases the stator deformations (Fon-
teyn et al. 2012).

The effect of rotor eccentricity on motor vibrations is investigated in this thesis
using a high-speed solid-rotor induction motor. Many researchers have studied
motor vibrations when different kinds of faults are present in the machine.
Dorrell et al. (1995) inspected the unbalanced magnetic pull in motors due to
rotor eccentricity. The authors studied the variation of unbalanced magnetic
pull depending on the load conditions, the position of eccentricity and type of
materials that the motor is made of (Dorrell, Guo et al. 2009). Rodriguez et al.
(2007) studied the vibrations occurring in an induction motor using the Max-
well stress tensor method and articulated the system behavior under dynamic

eccentricity. Hamzaoui et al. (1998) investigated how the imbalance and misa-
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lignment defects can contribute to the vibro-acoustic behavior of electrical mo-
tors. They proved how the noise and vibrations are higher in motors with defects
compared to those without defects through experiments and theoretical studies.
Han et al. (2016) formulated a magnetic equivalent circuit model to study the

radial and tangential forces caused by rotor eccentricity.

2.4 Acoustic Noise in Electrical Machines

The acoustic noise in electrical machines is a complex phenomenon to analyze,
because the root causes of the noise can be magnetic, mechanical or aerody-
namic in nature. The electromagnetic causes of noise are of major interest in
this thesis, and the aforementioned vibration studies by various researchers in-
clude noise analysis also in most of the cases. In this section, some of the studies
done in the past related to electrical motor acoustic-noise computation are ad-

dressed, giving emphasis to noise calculation.

2.4.1 Acoustic Noise Computation Methods

The computation of acoustic noise produced by electrical machines can be done
using analytical methods or numerical tools such as the FEM or BEM. Several
studies can be seen in literature pertaining to noise analysis and its relation to
the design of motors, types of motors, types of supply such as the effect of PWM
on the acoustic noise and techniques to reduce them. The initial stages of the
acoustic analysis of motors was mostly undertaken using analytical models. Al-
ger developed analytical equations for decibel sound levels that motors of nor-
mal design may be expected to produce, and analyzed the variations in noise
due to core and frame resonance (Alger 1954). To analyze the vibrating behav-
ior, he characterized the induction motor by an infinitely long vibrating cylin-
der. As a continuation to Alger’s model, Erdelyi formulated a general procedure
for computing in decibels the slot frequency sound-pressure level produced by
a polyphase induction motor operating at any arbitrary speed and load (Erdelyi
1955). The theoretical models were verified by sound-power level measure-
ments and proved that the model is capable of calculating the sound-pressure

levels of the magnetic noise caused by electromagnetic origin. Brauer developed
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a digital computer program which predicts the acoustic noise generated by the
magnetic field in an induction motor with static or dynamic eccentricities in the
rotor (Brauer 1976). The computed sound power spectrum of a fractional horse-
power motor with an eccentric rotor were compared with laboratory measure-
ments and showed good agreement. Brauer’s program assumed that the motor
is resiliently mounted and has a simple cylindrical frame. Tilmar and Lai for-
mulated an acoustic model for computing the change in sound power level of a
variable-speed induction motor due to the change in the speed of operation (Til-
mar and Lai 1994). They observed that even when there is an ideal frequency
converter with no additional time harmonics, the acoustic noise radiation of
electromagnetic origin can still be significantly increased by the change in
speed.

Belmans et al. conducted studies on the analytical formulation of acoustic
noise in squirrel-cage induction motors and validated the results with experi-
mental results (Belmans et al. 1987). They used the rotating field theory along
with Maxwell theorem for predicting the frequency spectrum components pro-
duced by the motor and for relating these components to the air-gap flux density
distribution time-harmonics caused by the non-sinusoidal supply. These au-
thors concluded that the high noise levels may be expected when one of the fre-
quencies of the electromagnetically excited forces equals a natural frequency of
the stator. Later, they developed an electromechanical-computerized scheme
using finite-element calculations and modal analysis that predicts the frequency
components expected in the audible noise of a three-phase induction motor fed
by an inverter (Belmans et al. 1991). Through a series of experiments including
the measurement of stator accelerations and acoustic noise in variable reluc-
tance motors, Cameron et al. concluded that the stator deformation due to radial
magnetic forces is the dominant electromagnetic cause of noise (Cameron et al.
1992). Using analytical and experimental studies, Besnerais et al. modeled the
impact of PWM supply and switching frequencies on the magnetic noise of in-
duction machines (Besnerais et al. 2010). The authors used mechanical and
acoustic 2D ring-stator models to compute the influence of both winding space
-harmonics and PWM time-harmonics in noise production (Besnerais et al.
2008). They also studied the effect of converter topologies on the magnetic
forces and vibrations of electrical machines (Valavi et al. 2018). Fakam et al.

coupled the finite element structural analysis results with analytical tools to
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compute and compare the electromagnetic noise between surface-permanent
magnet and interior-permanent magnet rotor topologies of a synchronous ma-
chine (Fakam et al. 2011). Islam et al. also developed combined structural FEA
and analytical methods for computing sound-power levels in synchronous mo-

tors (Islam et al. 2010).

2.4.2 Acoustic Boundary Element Method for Noise Computation

With the advancement in numerical computational tools, the use of the BEM or
combined FEM-BEM in noise computations became more prevalent, and these
methods can give more accurate results in acoustic calculations, compared to
analytical models. In recent years, many researchers have developed numerical
methods using the BEM for acoustic studies of electrical motors. Juhl et al. cre-
ated a numerical toolkit based on the BEM to compute the acoustic noise using
the Helmholtz integral equation (Juhl 1993). They developed BEM-based nu-
merical software for calculating sound fields exterior to bodies of three-dimen-
tional shape or axisymmetric geometries (Henriquez and Juhl 2010). Wang et
al. developed a BEM-based numerical model for computing sound power radi-
ated from induction motors and effectively coupled structural FEM and acoustic
BEM in their simulation studies (Wang et al. 2004). Herrin et al. formulated a
high-frequency BEM and compared it with the Rayleigh approximations
method, and inferred from their studies that the high-frequency BEM is more
robust (Herrin et al. 2006). Roivanen has done a detailed study on the sound
power calculation of electrical motors using different methods such as the BEM,
high-frequency BEM and plate approximation method with extensive analyti-

cal, numerical and experimental studies (Roivainen 2009).

2.5 Summary and Conclusions

The electromagnetic, magnetomechanical and vibro-acoustic computations of
electrical motors have been studied by various researchers across the globe over
the last several decades. Different analytical and numerical techniques in the

literature are briefly addressed in the literature review to build up a background
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to the topic of this thesis and connect the relevance of different parts of the the-
sis with the studies from the past.

In the first section, the magnetic force computation methods in the literature
were presented and how different methods such as the Maxwell stress tensor
and the Virtual work principle differ and agree in terms of results accuracy. The
importance of nodal magnetic forces in vibration studies is addressed and the
same is presented in the thesis using the Virtual work principle. The nodal forces
are then used for computing deformations by means of a direct coupling. The
calculation of forces on bodies in contact is another important part in magnetic
force computations and an efficient technique is proposed in this thesis using a
degenerated air-gap element method. Although the use of degenerated elements
has been employed in numerical tools in the past, for example in the calculation
of Eddy currents, the usage of the same for magnetic-force calculation in mag-
nets and motors using 3D FEM is presented in the thesis with experimental val-
idation. This thesis incorporated the combination of two effectual methods, viz,
force computation using the Virtual work principle (Coulomb 1984, Bossavit
1992) and the degenerated air-gap element method in finite element computa-
tions (Ren 1998) to form a proficient tool for contact force computations.

The magnetostriction in electrical steel sheets and electrical motors is modeled
using different methods by various researchers, and the influence of this phe-
nomenon on motor vibrations has been presented by referring to the previous
studies. The energy-based model by Fonteyn et al. (Fonteyn et al. 2010) is em-
ployed in this thesis to slot in magnetostriction in magnetomechanical coupled
analysis of motors. The effect of magnetostriction on the stator deformation of
motors and the interaction of the same with magnetic forces in altering the vi-
bration behavior of motors is explained in the thesis with numerical and exper-
imental studies on two different motors. There are several studies available in
the literature based on electrical motor vibrations and their dependency on
magnetic forces and magnetostriction. However, in this thesis, the vibrations in
induction motors are modeled by means of magnetomechanical coupling tech-
niques with material models that can model the multi-axial magnetomechanical
behavior of electrical steel sheets. The computation of stator deformation using
such a model heightens the accuracy of the results. In addition to the electro-

magnetic forces and magnetostriction, the effect of rotor eccentricity and its
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contribution to motor vibration is presented in the thesis with analytical, nu-
merical and experimental studies on a high-speed induction motor.

In the final part of the thesis, the acoustic noise generated by electrical motors
is briefly addressed. Several analytical models have been formulated by various
researchers in the past to model the magnetic noise and total acoustic noise of
electrical motors. The numerical methods based on the FEM and BEM are more
accurate and a general computational method on how to calculate the sound
power level generated due to the electromagnetic causes is presented in the the-

sis using a combined FEM-BEM method.
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3. Methods

This chapter presents the methods used in the numerical computations of elec-
tromagnetic forces, magnetostriction, vibration and acoustic noise. Also, the ex-
perimental techniques employed for the measurement of magnetic forces and

vibrations are explained in detail.

3.1 Computation of Electromagnetic Forces

In this section, the computation of magnetic forces in electromagnetic studies
of ferromagnetic materials and electrical machines is explained. There are dif-
ferent formulations or methods to calculate total magnetic forces that give the

same results.

3.1.1 Calculation of Magnetic Field

The magnetic field in the electrical machines used in this thesis is calculated
using Finite Element Analysis. The A-¢ formulation is used in the FE studies.
The electrical machines can be considered as quasi-static magnetic systems

(Arkkio 1987), and according to which, the Maxwell equations are written as

vxE--8 (3.1)
ot
VxH=J (3.2)
H=vB (3.3
J=0,E (3-4)
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where E is the electric field strength, B is the magnetic flux density, H is the
magnetic field strength and J is the current density. The magnetic reluctivity is
vand o, is the electric conductivity of the material.

The A- ¢ formulation using the vector potential A and reduced scalar poten-

tial ¢ is given by

B=VxA (3.5)
0A

E=-—-V 6
o ¢ (3.6)

Assuming translational symmetry of the problem in the z-direction, the equa-

tion for scalar and vector potential reduces to

Vx(viA):—O'aa—I?—aV;é (3.7)

3.1.2 Magnetic Forces from Virtual Work Principle

The application of the Virtual work principle was employed for the computation
of magnetic forces or more specifically nodal forces in various researches by Ren
and Razek (1992), Kameari (1993) and Belahcen (2004). The total magnetic
force F can be calculated by differentiating the magnetic energy Ws with respect

to a scalar parameter S of a Virtual displacement f; so that lsma fs(x)>x

aw.
F=- dSS (3.8)

where the magnetic energy is given by

B
o= | (jH~dBde (3.9)
o N0

In FE analysis, this force computation can be implemented to calculate the
nodal forces by differentiating the magnetic energy of the finite elements sur-
rounding the node of an FE mesh with an elemental area Q°. The derivative of
the energy is obtained by utilizing the change of variables and the Piola trans-

formation for the magnetic flux density as given below

dw, o 6detJS( 8 )
—==[H(B)-—J,-B———=| H(B)-B— | H-dB |dQ .10
7S [H(B) 25 oS (B) i (3.10)
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where Jsis the Jacobian matrix of the displacement mapping.

The integration is performed at all the elements around a given node. Choosing
a deformation mapping f.(x) = x+suN(x), where u is a unit vector in the di-
rection of displacement and N(x) is the nodal shape function on the computa-
tional FE mesh, the energy derivative can be written as

W
ds

=] H(B)'uVN«B—uVN(H(B)-B—lj;H-dB)dQ (3.11)
0

Considering the constitutive equation of the material, H =v(B’,)B , Eqation
(3.11) can be written as

aw,
SS = ij~uVN-B—%u~VNBde (3.12)

The output of the differentiation of the magnetic energy with respect to a Vir-
tual displacement can be termed as Generalised Nodal Forces (GNFs). The non-
linear magnetic behavior is taken into account by considering the reluctivity as
a function of B’ using the cubic spline integratoin. The GNF computation is an

important part in the study of vibrations of electrical machines.

3.1.3 Maxwell Stress tensor Method

The total magnetic force on any part of a machine can be calculated by applying
the Maxwell stress tensor method. The force can be calculated by integrating the
Maxwell stress tensor over a closed cylindrical surface S, closed through the end
region of the machine and with another outside cylindrical surface, as given be-

low.

F= ge[i (B-n)B— Lande = @(L(Bj ~B’)n+ LBﬂB,tJdS (3.13)
s\ o y s\ 24, Ho
where n and t represent the outward unit vector, normal and tangential respec-
tively to the differential surface S.

The Maxwell stress tensor method is a very suitable way of computing global
magnetic forces. In numerical platforms, the implementation of Maxwell stress

tensor method depends on the type of finite element crossed by the integration
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surface and the choice of the path of this particular surface inside the finite ele-
ment (Coulomb 1983, Ren 1994). According to Coulomb, in the case of triangu-
lar finite elements, the best results are attained if the integration path passes
exactly through the middle of the edges of the triangles. In finite element anal-
ysis, formulating such contours could increase the computation time and com-
plexity of implementation, because of the task of finding the edges in complex
geometries.

The force equation can be separated into the normal component of traction

o, and circumferential component of traction .

1
o,=—(B’-B}) (3.14)
2p, ’

1
o,=—I(B.B)) (3.15)
0
To examine the spatial distribution and time dependence of the radial stress,
it can be developed into a two-dimensional Fourier series (Belahcen, 2004).

a, cos(mpp)cos(nwt)+

mn

SR b,,, cos(mpg)sin(nwt) +
P P (3.16)
m=01=0 c,,, sin(mpg) cos(nwt) +

d, . sin(mp)sin(nwt)

mn

where m and n represent the space and time harmonic numbers, p is the pole
pair number of the machine and w is the rotational speed of the magnetic field,
t and gpare the time and angular position respectively. The other constants are

calculated as

27
amn :ﬁ I .[ O-}" COS(mp(p) cos(nwt)dgodt (3‘17)
7 uyr 00
2727
po L @ .
bnm :ﬁ J‘ J. O-r COS(mp{D)Sln(na)t)d@dt (3'18)
7" pgr 00
2727
po P o
Con ) | | o sin(mpe)cos(nwt)dpdt (3.19)
2 ko 00
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N

27 2%
po P o ) .
d, =—5—= | | opsin(mpp)sin(nar)ded (3-20)
2 HoT 00

(1/4) for m=n=0
Ay = (1/2) for m=0, >0 and m>0, n=0 (3.21)
1 for m>0, n>0

The radial stress can be expressed as a sum of waves circulating in the clock-
wise and anticlockwise direction with respect to the rotational direction of the

motor. Then the radial stress can be described as

1 1
5%}1 {(”mn +dyp )2 +bmn — Cmn )2}2

o0 0 | cos(—m, + nwt + +
(-mpyp 7+) (3.22)

1
1 1
Eﬂmn {(amn —dpp )2 +(byn +Cmn )2}2

| cos(mpp +nwt +y_)

In the radial stress equation, m is the mode or the spatial frequency and n rep-

resents the temporal frequency of these components.

3.1.4 Motor Imbalances and Forces

If there is an imbalance, in the form of static or dynamic rotor eccentricity, there
can be additional force components in stress distribution (P6yhonen et. al.
2003). The dynamic eccentricity is illustrated in Fig. 3.1. The resultant radial
force acting between the two cylindrical bodies, the stator and rotor is zero, if
there is no eccentricity. The rotor eccentricity creates an unbalanced magnetic
pull (Dorrel 1995) that can pull the rotor further from the concentric position.
In a motor with dynamic eccentricity, the air gap length is no longer constant

and can be expressed as (Rodriguez et al. 2008, Dorrell et al. 1997),

g(o,t) =g[l—d, cos2rf} — )] (3.23)

where g is the average air-gap length, d. is the degree of dynamic eccentricity
and f. is the rotor rotational frequency. For small values of dynamic eccentricity,

the air-gap permeance A can be denoted as (Dorrell 1997),
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1
Ap,t) = g,uo[l +dg cos(2r f — )]

STATOR

ROTOR

Rotor center .~

e
o, Stator

>
center |

Figure 3.1 Dynamic eccentricity in a motor

(3.24)

Although there is eccentricity, magnetic flux passes through the air gap. With

this assumption, the magnetic flux density can be expressed as

[
blp.0) = A1) | js(0,0)d0
0

where j; is the stator current density given by

Js(6.0)=Jsin@zfst - pp)

(3.25)

(3.26)

where f;is the fundamental supply frequency. By substituting (3.24) and (3.26)

in (3.25) gives

b(p,t) = B" cos(27 fst — pp)

+B" " cos[2x fy — 27 fy )t — (p—1)p]

+B" cos[2r fy + 27 )t —(p + D)
Fols g _Hols

where B’ =——; B d,
g 2pg

The radial force per unit area can be expressed as

1
@0 =5 =5 (1)

Ho

Replacing (3.27) in (3.29) gives

(3.27)

(3.28)

(3.29)
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1 )
S(@,t) = —{(Bs") cos(4z f,t +2pp) (3.30a)
2 4
+B." B cos(dx fit —29) (3.30b)
+BS"BSP’1 cos(2z ft +2pp) (3.30¢)
+BS’HBS" cos[(4xf, +2xf)t -] (3.30d)
+B" cos[(4n f, — 27 f)t— ] } (3.30e)
+ (B71) cos[2(2, + 27 )i —2(p + o] (3.300)
+(B,271) cosl2@fy -2, )~ 2(p D] (3:308)

Equation (3.30) represents the frequency components when dynamic eccen-

tricity is present in an induction motor. Dynamic eccentricity may produce other
vibrations than twice the supply frequency 2 f; , in addition to the rotational fre-
quency f;-. Those components are 2f, (3.30b) which is twice the rotor fre-
quency, 2 fs * f; givenin (3.30d) and (3.30e), 2(f; * f;-) as presented in (3.30f)
and (3.30g). In general, the additional frequency components can be quantified
as2 fr’ 02 fs’ P and 2( s & * f,-) where ks an integer. These frequency com-
ponents are affected by the slip and hence an additional +/- sf; term will be re-

flected in these frequencies.

The radial stress in Equation (3.22) can be written as
o =

r
m

™8

o0
E /Imn cos(mpo £ not + ¢m’ " ) (3.31)

On=0

Because of the existence of dynamic eccentricity, the air-gap permeance will

have an additional term A, = £ cos(¢p— ot —a,) where ¢, is the original posi-
€

tion of the eccentricity. The radial air-gap flux density is

B =¢,-(A+A,,)=¢g,co8(p(p—ar) —¢)-%[1 +e§c0s((p— ot —a,)] (3.32)
d

where e, = ecos(ax), ¢, is the m.m.f produced by the stator and rotor windings,

&,1s the amplitude of the m.m.f and ¢ is the phase angle of the m.m.f. wave.

Equation (3.32) can be further developed as

B, = B, cos(p(¢—at) =)+ B, cos[(p £1) (¢ —wt) = (¢ + ;)] (3-33)
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where B, = B, x zi is the amplitude of eccentric magnetic flux density and
i
B, = S0t s the amplitude of the classical flux density.
g

Now, from the relation o, = B*, / 244, , the stress can be written as

o, = [BO2 cos(2p(@p—wt)—2¢)
+ Be2 cos2(px)p-wt)-2(p*ay,))
+4ByB,cos(2pt)((p—wt)-(2p+a,))
+4B)B, cos(X(¢p—wt) L a,)]/ du,

(3.34)

Therefore, without any rotor eccentricity, there is only a stress wave rotating at
nw=2pw speed and with a spatial order of m = 2p. When there is eccentricity,

new spatial temporal waves arise and these terms are modulations at2(p £1),

2p+1 and +1 of the spatiotemporal waves. Thus, rotor dynamic eccentricities

in a motor will yield modulations of the magnetic forces that are non-multiples
of the number of pole pairs of the motor.

It can be inferred from the aforementioned analytical models that the dy-
namic eccentricity can induce additional force frequencies and consequently the
same frequencies will be present in the stator deformation and vibrations. The
application results of the Virtual work principle for force calculation in an in-
duction motor and on the end winding of another motor are given in Section
4.1.1. The effect of rotor eccentricity on forces and motor vibration explained in
the above Section 3.1.3 will be shown in the vibration study of a solid rotor in-

duction motor given in Section 4.2.4.

3.1.5 Degenerated Air-gap Elements

The conventional method of computing nodal magnetic forces from the Virtual
work principle is described in section 3.1.2, in which the FE implementation can
be used for the nodal force computation at any part of a machine. However,
there are cases in electrical machines and devices where two bodies are in con-
tact, which creates an infinitesimally thin air-gap between them. The GNF ap-
proach can be applied to these parts with the cost of heavy meshing and a costly
computational burden. This scenario can be tackled by using the degenerated

air-gap element method for force computation.
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The conventional GNF calculation is given in Eq. (3.12). For infinitesimally
small air gaps, by employing the shell element or the air-gap element method,
this equation can be written as

F:—aWS zJ.an -uNgn- B, —%u-nB”stdA (3-35)
%

oS

where N; is the restriction of nodal shape function N to the air-gap surface S and
B, is the normal component of the flux density B. The volume integral is re-
placed by surface integral by considering the field discontinuity across the thin
structure. The thin air gap is modeled by the surface domain on which the scalar
and vector variables are approximated by their averages across the structure.
Consider a thin air gap as shown in Fig 3.2, where K is a boundary element
and its extrusion in normal direction Kgis a prism or hexahedral polygonal do-

main. The change of magnetic energy in Kqis given by

oW
as

= vB~8SJS.B—%szas [Jg|dx=] vB‘VNu.B—%vBZVN.udx (3.36)
K, Ky

where J is the Jacobian ascending from the Virtual displacement and |J,| is

its determinant.

L[

Figure 3.2. Degeneration of air-gap boundary element or shell element

In Fig. 3.2, X is a point in the air gap at a distance h from the boundary ele-
ment. Then the nodal shape function at that point is

NG =N (1= =N () (3:37)

where y, (,Tl) is the shape function at a point ¥ which is the projection of X

at the element K.
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VN = %Nk o+ 4= 5(") VN, (x) (3-38)
Substituting (3.38) in (3.36) gives
owW. —n — 1 2(—n —
—+=(vB| — |u-BN,(x)—=vB | — |uN, .
= Iv (dju (()=2v (dju () (3-39)

where 4 =n.x and B-vN, =0

If the air gap is very small so that B/m and is constant in n direction,

aI/VS 1 2
5 :divB-(—Nkn)u.B—EvB (—Nkn).udx (3.40)
This implies that B=V x, A (3.41)

From the above equation, it can be deduced that
nB=nVxA=nVx, A (3.42)

where V x, denotes the boundary curl operator on the element K. On a bound-
ary whose exterior normal is directed along 2z, it is given by
Vx,A=u_(0,4,—0,.A,) .Foraninfinitesimal air gap, it avails to consider only
the normal component of the flux density. Then the magnetic force can be for-
mulated as

ow,
Os

F=- :{,—kaka AnuVx, A+ N, %V(ka A)’ nudx (3.43)
The FE computation using the degenerated air gap requires modeling the thin
airgap as a layer with the same mesh density as other parts of the geometry with
no additional mesh refining. The application results of this method can be seen
in Section 4.1.2, where the simulation results are compared with measurements
and the degenerated air-gap element method is applied in a permanent magnet

motor simulation for force calculation.

3.1.6 Measurement of Magnetic Forces

The magnetic forces acting between two permanent magnets are measured us-

ing an experiment set-up as show in Fig. 3.3. There are two concentric cylindri-

54



Methods

cal permanent magnets and the airgap length d between them is varied for dif-
ferent sets of force measurements. The structure supporting the magnets is
amagnetic and the distance is varied by using an accurate positioning vertical
gauge. A laser displacement sensor monitored the air-gap length, and a preci-
sion force sensor (0-200 N) measured the magnetic force. The permanent mag-
nets used in the study were sintered NdFeB (NEOFLUX-GSN35) with a rema-
nent magnetic flux density of B: = 1.24 T for the fixed magnet and 1.04 T for the
moving magnet, and a relative permeability of i = 1. The heights of the magnets
were different, as the fixed one has 10 mm height while the moving magnet has

40 mm, and both have the same diameter of 14 mm.

Force
sensor

Laser ‘
—_—

Movin
beam oving

Arirgap

Laser ]

displacement
sensor

Fixed part Fine

<«——adjustment
movement

Figure 3.3. Schematic diagram of the magnetic force measurement set-up

3.2 Vibrations and Magneto-mechanical Coupling

This section deals with the deformations and vibrations in electrical machines
due to electromagnetic causes and the magnetomechanical coupling methods to
compute the vibrations. The magnetic forces and magnetostriction are the ma-
jor electromagnetic sources of vibrations in electrical machines. These two phe-
nomena can induce deformations, that causes the vibration and, finally, these
vibrations produce acoustic noise. The magneto-elastic or magnetomechanical

coupling using FE tools is an efficient method to calculate the vibrations.
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3.2.1 Magneto-elastic Coupling

The deformations occurring in an electrical machine due to electromagnetic
forces can be modeled and computed by a weak magneto-elastic coupling
method. This is a simple and direct coupling approach by utilizing the Navier
equation for linear elasticity. The dynamic equations for elastic deformation of

solids is

p—=-Vr=f (3.44)

where p is the mass density, d is displacement field, f is the given volume

force and 7 is the stress tensor. The stress tensor is given by

R }
=, - gV (T-T,) (3.45)

where ¢ is the strain and C is the elastic modulus.

Thermal stresses may be considered by giving the heat expansion tensor g and
the reference temperature of the stress-free state T,. The linearized strain is
given by

&= %(w +(Vd)") (3.46)

The stress tensor in terms of Lamé parameters is

t=2Ge+AV-dl - B(T -T)I (3.47)

where G and A are the first and second Lamé parameters respectively and I is
the unit tensor.

In the numerical computation, the magneto-elastic model is simulated hierar-
chically, assuming that the coupling is weak, first solving the magnetic system
and then providing the elasticity solver with the magnetic nodal forces as the
volume force on the right side of Eq. (3.44). The application results of this kind

of coupling in an induction motor are given in section 4.2.1.

3.2.2 Magnetostriction and Magnetomechanical Coupling

In section 3.2.1, the calculation of mechanical deformation due to magnetic
forces using a weak coupling is explained. In order to include the effect of mag-

netostriction, a more complex and strongly coupled magnetomechanical model
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is needed to model it accurately. The magnetomechanical coupling using the
Helmholtz free energy principle is employed in this thesis to incorporate mag-
netostriction in the FE computations.

The constitutive equations of the material are formulated from a Helmholtz
free energy density y (Fonteyn et. al 2010, Aydin et. al 2016-2017), which ena-
bles the coupling of the magnetic and elastic properties of the material. For an
isotropic magneto-elastic material, p is articulated as a function of five scalar
invariants, in terms of the magnetic flux density vector B and the total strain

tensor &

I =te), I, —ftr(s) I, _‘-;23, I= BB(;B) -5 (‘9 B) (3.48)
o ref m-

where Bir = 1 T. The first two invariants define the elastic behavior of the ma-
terial, and I is not used, because linear elasticity is presumed in this model. The
fourth invariant depicts the single-valued magnetization behavior and the fifth
and sixth invariants stand for the magneto-elastic coupling. The deviatoric part
of the strain £=s-¢,, where ¢,,the hydrostatic strain is used in the fifth and
sixth invariants, since the variation in permeability is not depending on the hy-

drostatic pressure. The equation for the Helmholtz free energy density is then

expressed as

-1
2%

-1
l z+ i+ i+
=§/115+2G12—v{74 2—1 '+ +l1 '+ +l1 ‘] (3.49)

i=0
Here A and G are the Lamé constants of the material, v, is the reluctivity of free
space and aj, f3;, y: are the fitting parameters to be identified from measure-
ments. The magneto-elastic stress and magnetization are obtained as

o (B.2)

Oy (B.¢)
Oe OB

Gpe(B.€)= and M (B,&)=— (3.50)
The magnetic field strength vector is then calculated by # =v,B— M . The mag-

neto-elastic stress tensor &, consists of elastic and MS-related stress tensors.

The studied material was 0.5 mm non-oriented Fe-Si electrical sheets. A total
of fifteen parameters were required to model the properties of the material, and
they were determined using the experimental data obtained from a custom-built

uniaxial single sheet tester developed by A. Belahcen, D. Singh and U. Aydin
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(2016-2017). In the experimental procedure, the material was loaded with dif-
ferent stresses varying from 50 MPa compression (-) to 80 MPa tension (+)
parallel to the flux density, and the magnetization curves were measured. Then,
the initial fitting of the single-valued model parameters to the H-averaged
measured magnetization curves was comprehended at various stress values, as
shown in Fig. 3.4. It was observed that magnetic materials show reduced per-
meability under compression and high tension. This behavior of magnetic ma-
terials is modeled efficaciously using the model. In addition, increased permea-

bility is noticed under low tensile stress as reported by Singh et al. (2015).
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Figure 3.4. The fitting results of the single-valued model parameters

3.2.3 Measurement of Deformation due to Magnetic Forces and
Magnetostriction

The electromagnetic causes of deformations and vibrations in electrical ma-
chines are magnetic forces and magnetostriction. The knowledge of how these
two phenomena cause the deformation and interact with each other is im-
portant for the design of electromagnetic machines and devices. An original ex-
periment was performed to segregate the deformations contributed by magnetic
forces and magnetostriction in electrical steel sheets.

In the experiment, an iron sheet of 0.5 mm thickness is selected as the test
specimen, and analytical and numerical computations were used to design the
specimen, in order to get ample magnetic flux density and mechanical defor-
mation. The test sheet is rectangular shaped with curved corners and has an air

gap of 0.4 mm in the right limb. Two current-carrying copper coils having 700
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turns each, as shown in Fig. 3.5, were used for the excitation of the sheet. The
excitation coils produce a magnetic flux in the iron core, which sequentially in-
troduces mechanical strain and deformation in the sheet. The thin air gap in the
flux path facilitates larger magnetic forces than in the case of a completely
closed-loop core. The magnetic field itself can produce magnetostrictive strain
in the sheet, while the total deformation is due to both the magnetic forces and
MS. In the case of a closed-loop sheet with no airgap, the magnetic forces will
be negligibly small. It will not be possible to segregate the effects with the pro-

posed measurement set-up.

Copper coil

4 mm

Aif‘gap Coil 1

I~
S
j=1
g
Strain gauges

Coil 2

Figure 3.5. Iron sheet with copper coils and strain gauges (SG1 to SG5 from left to right)

Three different supply currents with frequency of 1 Hz were used to excite the
coils: 6.26 A (excitation voltage: 64.2 V) resulting in 1.68 T flux density in the left
limb, 3.14 A (31.7 V) resulting in 1.59 T flux density and 1.31 A (13.2 V) resulting
in 1.49 T flux density. A search coil measured the flux density, while five strain
gauges, SG1 to SGp5, placed in the left limb were used for measuring the strain. To
avoid the induction in the strain gauge grid, non-inductive foil strain gauges were
used. The main part of the experimental setup where the test specimen is placed
is shown in Fig. 3.6. The iron sheet was fitted between two glass fiber plates, to
avert out-of-plane displacements. Thin Teflon sheets between the plates and the
iron sheet were used to minimize the friction. The objective of this experiment
was to measure and separate the bending of the iron caused by magnetic forces
from the air gap, and the uniform tension and compression due to magneto-
striction. The individual measurements were done five times to assess repeata-

bility and uncertainty in the measurements.
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Excitation

Figure 3.6. Experimental set-up for iron sheet deformation measurement

3.2.4 Motor Vibration Measurements

In this section, the measurements of vibrations of two induction motors are ex-
plained. The first one is a three-phase squirrel cage induction motor and the
second motor is a high-speed solid rotor induction motor (SRIM). These vibra-
tion measurement spectra were later post-processed to analyze the frequency
components present in them and to study the causes behind the vibrations.

For the first machine, which is a four-pole squirrel cage induction motor, the
measurement set up consisted of the motor under investigation and a similar
loading machine. The chief parameters of the machine are given in Table 3.1.
The two machines are mounted on the same mechanical support and arranged
with a back-to-back shaft coupling.

Table 3.1. Parameters of the Induction Motor under Study

Parameter Value

Number of poles 4

Number of phases 3

Connection Star

Number of stator slots 48

Number of rotor slots 40

Terminal voltage 415V@60 Hz; 325V@50 Hz
Rated slip 0.055

Rated power 22kW@60 Hz; 18kW@50 Hz
Stack length 0.23m

Stator outer diameter 0.22m

Stator inner diameter 0.125 m

The investigated motor was supplied by an autotransformer and loaded by an

identical motor fed from a frequency converter to confirm different loading lev-

els appropriately. The laboratory set up is shown in Fig. 3.7 and the schematic
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diagram of the measurement set up is shown in Fig. 3.8. The coupling between

the two motors is finely implemented and properly balanced to avoid any unde-

sirable effects from the loading machine that can cause disturbances in the

measured machine’s vibrations. Five triaxial accelerometers corresponding to

15 vibration channels are distributed around the machine frame as shown in Fig.

3.9. The x, y and z axes represent radial, tangential and axial vibrations respec-

tively. The measured signals were recorded by a digital multi-channel recorder

synchronized with a sampling frequency of 10 kHz and the data is stored in the

computer. The phase voltages, currents, and rotational speed were also meas-

ured.
Figure 3.7. Experimental set-up for induction motor vibration measurement
Digital Signal PC pC
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RPM
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t§ b 15 Vibration -
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Figure 3.8. Experimental set-up schematic

2

Figure 3.9. Five triaxial accelerometers

The second machine was a high-speed solid rotor induction motor in an indus-

trial installation. The specifications of the motor are given in Table 3.2. For
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measuring the acceleration, eight tri-axial accelerometers of Briiel&Kjer type
4524B were used simultaneously. A multi-axial Briiel&Kjer LAN-XI type 3050-
A-060 real-time PULSE analyzer was used for multi-channel sound and vibra-
tion data acquisition. The eight accelerometers were attached at different posi-
tions around the motor set-up to measure the vibrations. Two accelerometers
were attached on the top of the motor frame in bearing planes and four were
closely next to the fitting points. One accelerometer recorded the vibrations in
the inlet duct of cooling air and the final one in the outlet duct. The acceleration
was measured in all the three directions, X-vertical, Y-horizontal, and Z-axial.
In Fig. 3.10, a schematic diagram showing the placement of accelerometers

around the motor structure is given.

Table. 3.2. Parameters of the Solid Rotor Induction Motor

Specifications Unit Value
Power kw 300
Voltage (line-to-line) A% 400
Rated speed rpm 60 000
Number of poles 2
Stator outer diameter mm 250
Stator inner diameter mm 116

Ta/n\y ) et
O O |
BAS

Figure 3.10. Schematic digram of accelerometer placement around the motor structure

3.3 Acoustic Noise in Electrical Machines

In the previous sections, the magnetic forces, magnetostriction and the defor-
mations and vibrations caused by them are explained. In an electrical motor,
these vibrations can cause unwanted acoustic noise. This section deals with the
acoustic noise in electrical motors and methods to model and compute the gen-

erated noise. The noise generation in electrical machines is a complex scenario,
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as there can be several sources of noise in a power train of a system that the
electrical motor is part of. This thesis concentrates only on the electromagneti-

cally-induced noises and their modeling.

3.3.1 Vibro-acoustics

The term vibro-acoustics can be interpreted as the acoustic noise generated by
a source that vibrates and makes changes in the pressure in the surrounding
medium and these pressure variations are assimilated to noise. In the electric
power train of a motor, the acoustic noise can be divided into three different
transfer sources viz, electromagnetic noise, mechanical noise and aerodynamic

noise. Fig. 3.11 portrays these three noises according to their sources.

Magnetic Noise Mechanical Noise

S (»-/"’_Briveline (Sha_ﬂ‘,"“\
\\f‘i/) "~ bearings) e
1 Vibrations * Torque
Radial force i Tangential force
STATOR, |<2omtfores | Rotating | ROTOR

magnetic field

(;\Cooling fan::}

Aerodynamic Noise

Figure 3.11. Three kinds of noise in an electrical motor power train

The electromagnetic or magnetic noise is essentially the noise produced by vi-
brations due to magnetic forces and magnetostriction. The magnetic flux den-
sity fluctuations in the air gap arise due to the permeability difference between
the iron core and air in the air gap translates into forces that excite the stator
core and hence cause vibrations. The mechanical noise is produced primarily by
the mechanical contact of different parts of the motor that create vibratory re-
sponses and consequentially produce noise. The bearings and gears, rotor im-
balances and shaft whirling are examples of the causes of mechanical noise. Fi-
nally, the aerodynamic noise is originated by the motor cooling fans that cause
air flow turbulences. The sound-pressure level of aerodynamic noise increases

with the increase in rotational speed.
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3.3.2 Boundary Element Method

The numerical computation of acoustic noise in terms of sound pressure or
sound level employs the Boundary Element Method (BEM) in this thesis. In the
electromagnetic and mechanical domain, the FEM is used for the computation
of different parameters, while in the case of acoustic noise, the domains are of
infinite extent and the use of the FEM is impractical because the finite element
computation requires the discretization of the entire domain. Besides, for a wide
variety of acoustic problems, the frequency ranges are so high that a very large
number of elements will have to be used to get a reliable solution. Due to these
conditions, the FEM is only used in acoustic studies of relatively small enclo-
sures. The BEM based on the surface Helmholtz integral equation is the major

numerical tool in acoustic studies and the same is used in this thesis also.

3.3.3 BEM Approach to Acoustic Studies

The Boundary Element Method requires the discretization of only the domain
boundary, saving computing time and storage. In the BEM, the direct colloca-
tion method deals directly with the acoustic variables (sound pressure and par-
ticle velocity) and boundary conditions. The development of a numerical com-
putational technique for sound level or pressure comprises the incorporation of
different fundamental theories and equations in physics. The steps involved in
formulating acoustic pressure computation equations are described below.

For modeling vibro-acoustics in an electrical motor, the vibrating stator
boundary can be used as the acoustics FEM-BEM boundary to couple the accel-
eration from the FEM computation to the BEM interface. This methodology fa-
cilitates modeling in a FEM-BEM framework, using the assets of both the for-
mulations efficiently. The wave equation can be solved in the frequency domain
for one frequency at a time. The acoustics computations solve the Helmholtz
equation for constant-valued material properties and uses the pressure as the
dependent variable. The governing Helmholtz equation for the boundary ele-

ment interface is given by

p, =0 (3.51)
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2
keq’ = (CG)J andp, =p+p, (3.52)

¢

where p, is the total acoustic pressure, p, is the background pressure, K is the
wave number, p, is the density, » is the angular frequency and ¢, is the speed of

sound.

The acoustic pressure computation problem comprises solving for small
acoustic pressure variations p in the surrounding medium of a sound source, on
top of the stationary background pressure p, . This scenario can be construed as
a linearization of the dependent variables around the stationary quiescent val-
ues. The fluid flow problems in a compressible lossless fluid can be analyzed
using the three governing equations, viz, the mass conservation equation or the
continuity equation, the momentum conservation equation or Euler’s equation,

and the energy equation or the entropy equation. They are given by

op

L 4V. =M .

Py (pv) (3.53)
@+(v-V)v=-in+F (3-54)
ot Ve

b

a;: +V-(s9)=0 (3.55)

where pis the total density, p is the total pressure, v is the velocity field, s is the

entropy, M and F are the possible source terms representing body forces if any.

In conventional pressure acoustics settings, all thermodynamic processes are
assumed to be isentropic in nature (both reversible and adiabatic). The small
parameter expansion is executed on a stationary fluid (v, =0) of density p,
(kg/m3) and at pressure p,(Pa) such that p=p, + p,with p, < p,, p=p, + 0
with p, < p,, u=0+u,withu, <« ¢, ands=s, +s,.The small acoustic variations
are characterized by the variables with subscript 1. Inserting these values in the

governing equations gives

0,
§+V~(povl)=M (3.56)
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ov 1
—+=-—Vp,+F (3.57)
ot Po

op, op,

a_tl:cs2 (a_tl""vl 'Vpo) (3.58)

where c, is the isentropic speed of sound. The pressure time differential in the

last equation is derived from the entropy equation. If the material parameters

are constant, the last equation reduces to

2

D=¢p (3.59)

This expression of acoustic pressure gives a condition that needs to be ful-

filled for the linear acoustic equations to hold

< e’py (3.60)

In a lossless medium, the wave equations for pressure waves can be obtained

by reorganizing Equations (3.56)-(3.58) and dropping the subscripts

1 &°p
pc’ o

+V~[—%(Vp—qd>]=Q,,, (3.61)

where the source term Q, is a monopole domain source that corresponds to a
mass source and ¢,is a dipole domain source representing a domain force
source. The speed of sound (c) and the density ( o) may in general be space de-
pendent. The combination term pc’ is the adiabatic bulk modulus (K;) with unit

Pa, associated to the adiabatic compressibility coefficient 5, =1/ K| . In the fre-
quency domain, the Helmholtz equation can be written as
kP

1
Vol=—(Vp, —q.)1-

c c

=0, (3.62)

Acoustic fields typically involve simple harmonic waves such as sinusoidal

waves. In acoustic-structure interactive numerical calculations, the structural
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analysis can be coupled to acoustics by imposing acceleration as a source in the

boundaries of the structure in the form of normal acceleration, indicated as

- (Vp, g, =-n-a (3.63)

c

where g, is the normal acceleration and gais the external force term.

Sound is measured by changes in air pressure from normal atmospheric pres-
sure or reference pressure to the pressure disturbance produced by the sound.
Sound pressure is measured in the unit pascals. A pascal (Pa) is equal to a force
of one newton per square meter. The smallest sound pressure a human ear can
hear is 20 pPa, which corresponds to zero dB. The sound pressure level (SPL) in

dB can be calculated by
SPL = 20 log,, [”J dB (3.64)
ref
where p,, is the reference pressure 20 pPa in the case of audible sound calcula-

tions.
The application results of BEM-based acoustic computation of an induction

motor is given in section 4.3.1.
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4. Application and Results

In this chapter, the results obtained using the methods given in Chapter 3 are
explained and organized based on the results presented in the publications. The
numerical simulation results and experimental results are presented and com-

pared when they are relevant.

4.1 Electromagnetic Forces

In this section, the computational and experimental results of magnetic forces
are explained in detail. The computation of magnetic forces is a fundamental
process in the magnetic and vibro-acoustic studies presented in this thesis. The

force computations are part of the Publications I, IT and III.

4.1.1 Generalised Nodal Forces

The Generalised Nodal Forces or GNF are computed based on the Virtual work
principle, described in section 3.1.2. The numerical model for the nodal force
computation is implemented in the open-source finite element software Elmer.
In Fig. 4.1, the Elmer computational result of nodal forces on the stator of a
three-phase four-pole squirrel cage induction motor is given. The specifications
of the motor are given in Table 3.1. The time-stepping simulation was done for
6000 time-steps with 0.0002 seconds as a time-step interval, which corre-
sponds to 1.2 seconds of motor running time. The finite element mesh contains
89892 elements and 45003 nodes. The nodal forces are majorly distributed on
the stator teeth. The visualization of the nodal forces is done using the open-
source software ParaView. In Fig. 4.2, the nodal magnetic forces acting on the

node of a stator tooth are plotted as a function of time.
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Figure 4.1. Nodal magnetic forces on stator teeth. Figure 4.2. Amplitude of a nodal force
as function of time.

The Virtual work principle is employed in the calculation of magnetic forces
on the end winding of a high voltage three-phase induction motor. The speci-
fications of the induction motor are given in Table 4.1. In Fig. 4.3, the nodal
forces acting on the ending windings are given, that are theoretically the Lo-
rentz forces due to the interaction between the circulation of currents and the
leakage flux. The end-winding shown in Fig. 4.3 and the airgap forces in Fig.
4.1 are of different motors. The magnetic forces in the inner layer are higher
than that in the outer layer of the winding. The forces on different parts of the
same coil are different in magnitude. The simulation corresponds to a state
where there is high current flow in the windings during the starting mode. The
results shown here are from a static FE simulation, where the currents are

imposed as a body force in the winding.

Table 4.1. Specifications of the Induction Motor

Parameter Value
Number of poles 2
Number of phases 3
Connection Star
Number of stator slots 42
Number of rotor slots 34
Rated voltage 6.6 kV
Rated power 660 kW
Rated current 138 A

The above two examples of nodal force calculations using the Virtual work
principle depict a fundamental and significant computational aspect in the
electromagnetic analysis of electrical motors. The nodal forces can be directly

used in the structural analysis such as stress and vibration studies of motors.
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Figure 4.3. Distribution of flux density and nodal magnetic force vectors in the end winding
4.1.2 Nodal Forces from Degenerated Air-gap Element Method

The application of conventional nodal force calculation based on the Virtual
work principle is given in the previous section. In the case of the stator or end
winding of a motor, the generalized nodal forces can be calculated efficiently as
shown in the results. However, if there is an infinitesimal air gap in the body
where the nodal forces need to be calculated, the conventional method would
require very thin mesh and thereby heavy finite element computations. In such
scenarios, the use of degenerated air-gap elements in force calculation is an ex-
cellent choice. The theory behind the degenerated air-gap elements is given in
section 3.1.4, and an experimental set up to measure the magnetic forces be-
tween two permanent magnets is explained in section 3.1.5. The numerical sim-
ulation and experimental results are presented and compared in this section.
The nodal forces are calculated by FE simulations by adjusting the air-gap
length between the two magnets and the results were compared with the meas-
urement data. In Table 4.2, comparison between the results of 3D simulations
with first order tetrahedral elements, the measured forces and the eggshell
method are given, and the same is portrayed graphically in Fig. 4.4. The distri-
bution of nodal forces on the magnets is shown in Fig. 4.5, where the nodal
forces are concentrated at the edges near the air gap. The number of degrees of
freedom and the maximum size of the finite element of the mesh are taken as
norms of references in the convergence behavior study of the degenerated air-

gap element method, shown in Fig. 4.6.
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Table 4.2. Experimental and 3D simulation results

Experimental Numerical Simulation

d [mm] F [N] | Degenerated air gap F[N] Eggshell F [N]
0.095 64.7 64.1 63.8
0.274 60.9 60.0 59.7
0.477 57.1 55.9 54.6
0.745 52.8 51.3 49.9
1.009 48.9 47.5 46.9
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Figure 4.4. Numerically calculated magnetic forces and measurement results

Fig. 4.4 shows that the degenerated air-gap method and eggshell method have
given very close results of magnetic forces, although the measurement values
are somewhat higher than the calculated forces. This slight mismatch is due to
an error in the measurement set-up, where the laser displacement sensor esti-
mates the air-gap distance as the distance between the magnet supports instead
of the distance between the two magnets. The support assembly of the measure-
ment setup is not entirely rigid, and hence a minor decrease of the air gap is
anticipated due to the support stretching, that can result in recording higher

magnetic forces.
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Figure 4.5. Left: Nodal magnetic forces on permanent magnets. Right: Forces at one side of the
contact surface of the magnets
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Figure 4.6. Convergence behavior Left: with respect to the number of degrees of freedom, Right:
with respect to the maximum size of the finite element in the mesh at the air-gap
length 0.095 m

The magnetic energy and the forces have the same rate of convergence from
Fig. 4.6. The magnetic force solution is studied with respect to the maximum
size of the finite element in the mesh at an air-gap length of 0.095 m. It was
observed that, after a certain limit, the size of the elements does not affect the
solution, because the force values remain the same after a certain element size.
The degenerated air-gap element method can be applied to several practical
applications such as force computation in certain parts of electrical machines.
Two such examples are given in Fig. 4.7 and in Fig. 4.8. In conventional FEA,
the computation of magnetic forces acting on the magnets and rotor core in per-
manent magnet motors requires dense meshing at the contact surface between
the magnet and the rotor core. The degenerated air-gap element method can be
employed in this case without the addition of an extra dense air-gap mesh. In
the presented case in Fig. 4.7, the air gap is of 0.1 mm thickness. In real ma-
chines, this thin air gap represents an adhesive layer that glues the magnets to
the rotor. In linear permanent magnet synchronous motors with Halbach arrays
as shown in Fig. 4.8, the analysis of magnetic forces on the contact surfaces of
the magnets is very important. The Halbach array of magnets enables better us-
age of magnetic flux and provides higher torque and performance compared to
radial magnet structures, using a spatially rotating magnetisation pattern. This
orientation augments the magnetic field on one side of the array and cancels the
field to nearly zero on the other side. The magnetic contact forces are distributed

on the contact surface between the magnets.
The similarity of results with the eggshell force computation method and the

convergence results show the consistency and reliability of the proposed degen-
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erated air-gap method for force calculation of bodies in contact. Also, the prac-
tical application of this method in a permanent magnet motor and linear motors

makes it an efficient and cost-effective tool for the engineering design of motors.
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Figure 4.7. Left: Magnetic forces on the permanent magnet edges, Right: Nodal forces on the
magnet surface

Figure 4.8. (a) Magnetic flux path on Halbach arrayed permanent magnets, (b) Nodal mag-
netic forces on the contact layer between the magnets

4.2 Deformation from Magnetomechanical Coupling

The computational and experimental results of magnetic forces and their appli-
cations are described in the previous section 4.1. Magnetic forces are the major
electromagnetic cause of deformation in electrical motors, besides magneto-
striction. The magnetic forces or electromagnetic stresses are the sources of the
mechanical deformation of ferromagnetic parts of an electrical machine, and
this scenario can be modeled in numerical analysis using magnetomechanical
coupled models. These models can compute the mechanical effect of magnetic
forces and magnetostriction on electrical machines and calculate the displace-
ments or deformations and the consequent vibrations due to these defor-
mations. In this section, two such magnetomechanical coupled FE models de-

scribed in sections 3.2.1 and 3.2.2 are explained with their application results.
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4.2.1 Weak Magneto-elastic Coupling

The nodal magnetic forces calculated using the Virtual work principle can be
applied as the excitation to the mechanical solver in the FE simulation. This is
done by feeding the nodal forces as the input volume force to the elastic solver.
The elastic solver computes the stress caused by the magnetic forces and the
resulting mechanical deformation. This kind of coupling is implemented in
Elmer and the application results of two such cases are given in Fig. 4.9 and Fig.
4.10. The deformation of the stator core of an induction motor described in sec-
tion 4.1.1 is shown in Fig. 4.9 where the deformed geometry is compared with
the original geometry. The plot of displacement at an arbitrary timestep at a
node on the stator outer surface is also shown in Fig. 4.9. In the radial displace-
ment computation, the tangential displacement was set to zero as the boundary

condition in the elastic solver.
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Figure 4.9. Left: Deformation of stator due to magnetic forces. Displacements are zoomed by a
factor of 1000, Right: Radial displacement at a node on stator surface.

The nodal forces acting on the end winding of a high voltage induction motor
are presented in section 4.1.1. These magnetic nodal forces are coupled to the
elastic solver in Elmer and the consequential stress and deformation of the
winding is portrayed in Fig. 4.10. In this simulation also, the displacements in
the required direction is set free and the other directions are set to zero in me-
chanical boundary conditions. In the case of small motors like in Fig. 4.9, the
end-windings are so small that they would not affect the vibrations. Besides, the

forces on the end windings are very small compared with the ones on the iron.
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The windings themselves can be modeled as either a mass or a mass and damp-
ing, but the effect of these issues has been shown only in large machines. The

insulation is hard to model, but its effect also could be very marginal.
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Figure 4.10. Stress distribution and displacement in end-winding. Disog'itéogments are zoomed
by a factor of 200.

The application of nodal magnetic forces in magneto-elastic coupled computa-
tions is a simple yet reliable technique for the structural analysis of both the core
and the windings of electrical motors. Especially in the case of low and medium
power machines where magnetostriction does not considerably affect the me-
chanical deformation of the core, this mode of calculating the deformations and

stress comes conveniently in the design stages of the motor.

4.2.2 Magnetomechanical Coupling and Magnetostriction

The magnetomechanical coupling described in the previous section considers
only the magnetic forces. In electrical machines, the magnetostriction also plays
an important role in the production of stress, mechanical deformations and vi-
brations. The magnetostriction is included in the magnetomechanical coupling
using the free-energy-based coupled model explained in section 3.2.2. The ex-
periment to study the deformation of iron, explained in section 3.2.3 is simu-
lated using the free-energy-based numerical model, where the magnetomechan-
ical material model is implemented. The experimental results have provided
light on how the magnetic forces and magnetostriction affected the mechanical
deformation of the iron sheet under investigation.

In Fig. 4.11, the magnitude of the measured strains is plotted from the five

strain gauges SG1 to SGj5, that are placed from left to right at the center of one
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limb of the iron sheet. This strain is caused by both the magnetic forces and
magnetostriction. The magnitude of the total strain on the left side at SG1 is
higher compared to that on the right side at SG5. This difference is due to the
torque and force relationship 7’ = F x 7, where r is the distance from the air gap
to the location where torque is calculated, or the strain gauge is located. Hence-
forth, on the left, the distance from the air gap is more than that to the right and
the torque becomes higher on the left. This causes the increased total strain on
the left side. The strain measured by SG1 is plotted against the magnetic flux
density variation, which is also given in Fig. 4.11, where the increase in the strain

is seen, as the flux density increases.
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Figure 4.11. Left: The strains measured by strain gauges SG1 to SG5 at three different flux den-
sities, Right: Strain measured by SG1 as a function of flux density

The numerical implementation of the energy-based magnetomechanical mate-
rial model is done in the open-source software Elmer. In Fig. 4.12, the defor-
mation due to the magnetic forces are shown. The HB curve was extracted from
the energy-based model by generating field-flux-strain relations. The boundary
at the topside of the air gap is fixed in all directions in the FE mechanical simu-
lation. The magnetic flux density at the air gap is approximately 0.5 T and the
maximum displacement of the sheet edge is around 7 um near the air gap. The
deformation produced by magnetic forces and magnetostriction is shown in Fig.
4.13. The supply current used in the simulations is 1.3 A at 1 Hz.

The magnetic forces near the air gap produce mainly a bending-type strain,
which is tensile on the left and becomes compressive at the right end. Addition-
ally, a very small uniformly distributed compressive strain is also caused by the
air-gap forces. The result of a mechanical FEA study by applying uniform dis-
tributed pressure of 1 N on the iron sheet on the top side of the air gap is given

in Fig. 4.14. At the center of the left limb, the strain is not zero, but has a small
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negative offset. This uniformly distributed negative strain due to the air-gap
forces is about 5.2 % of the bending-type strain at SG1 and about 4.2% of the
bending type component at SG5. The magnetostrictive strain is obtained by sub-
tracting this component from the measured total uniformly distributed strain.
The measured maximum strain can be separated into pure-uniform and bend-

ing-type strain distributions.
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Figure 4.12. Left: Magnetic flux density in the iron sheet, Right: Deformation due to magnetic
forces only (scale factor: 500)
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Figure 4.13. Left: Magnetic flux density in the iron sheet, Right: Deformation due to both mag-
netic forces and magnetostriction (scale factor: 500)

The separated strain components are given in Table 4.3 that are obtained by
linear regression fitting. Regarding the magnetostrictive component, the correc-
tion due to air-gap forces has already been considered in the values in the table.
Due to linear regression curve fitting and correction due to air-gap forces, the
obtained magnetostrictive strain is higher than the measured strain value at the
center of the limb. The bending-type strain is half of the difference between the
fitted values of SG1 and SG5 and the same at the SG5 location has almost the
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same amplitudes as the SG1 location, but the opposite sign.

Caleulated stains due to 1 tetal faree in air gap
A E-06

3.E-0B
2E05
1LE-O6

O.E+00

strainyy (pmim)

-LE-QB
2600
-3E-06
-A.E-06

[ 5 n 13 20 5 20 EE] an
Distance over width of the sheet [mm)

Figure 4.14. Bending strain due to air-gap forces

Table 4.3. Measured strain components segregated

d;l;;iy Bending—tzgeigs;;a}(r)lrizs‘SGl due to Strain due to magnetostriction
1.68 T 2.8 um/m 4.7 um/m
1.59 T 2.3 um/m 4.6 pm/m
149 T 1.6 pm/m 4.8 pm/m

The experiments by U. Aydin, D. Singh and A. Belahcen showed that the ten-
sile stress decreases the maximum magnetostriction, while the compressive
stress increases it (Takagi et al. 1997, Singh et al. 2015, Aydin et al. 2016). The
shape of the test specimen and the magnetization of the sheet in the experiment
have resulted in some difficulties in recreating the magnetic flux density and
strain in simulations the same as in the measurement. The copper coils for giv-
ing supply to the specimen are located at the top and bottom limbs. This causes
the magnetization along the rolling direction in top and bottom limbs, while it
is normal to the rolling direction in the left and right limbs. The strain measure-
ments were done in the left limb where the rolling direction is opposite to the
magnetization, while the strains were measured in the magnetization direction.
The magnetomechanical model is formulated for materials magnetized in the
rolling direction and with an assumption that the material is isotropic. However,
the measurements by Singh et al. (2015) had showed that the magnetostriction
in transverse direction is much higher than in the rolling direction. In the part
of the specimen where the strain measurements were done, the magneto-
striction produces only tensile strain. The simulated strain in the sheet due to
both magnetic forces and magnetostriction, and the distribution of the magne-

tostrictive strain in the measurement area are shown in Fig. 4.15. The magnetic
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forces cause tension in the y-direction on the left side at SG1, and compression
on the right side at SG5. The computed strains from the locations of the gauges
SG1to SGs5 are plotted in Fig. 4.16 corresponding to 1.49 T flux density, resulting
from only magnetic forces and from both magnetic forces and magnetostrictoin

respectively.
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Figure 4.15. Left: Strain (m/m) in y-direction due to both magnetic forces and magneto-
striction, Right: Magnetostrictive strain over the width of the sheet.
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Figure 4.16. Simulated strain (m/m) in y-direction (from Sg1 to SG5), Left: Due to magnetic
forces, Right: Due to both magnetic forces and magnetostriction

The strain due to air-gap forces is smaller in measurement compared to the
simulation. The magnetization of the sheet is in transverse to the rolling direc-
tion at the limb where the air gap is located, which causes lower flux density at
the airgap and consequently lower strain. On the other hand, the measured
magnetostrictive strain is higher compared to the simulation, because the mag-
netostrictive strain in the transverse direction to magnetization is higher com-

pared to that in the parallel direction.
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4.2.3 Effect of Magnetic Forces and Magnetostriction on Vibra-

tions

In the previous section, the mechanical deformation caused by magnetic forces
and magnetostriction in an iron sheet and their interaction are explained. In an
electrical motor, these two phenomena cause deformations and vibrations, and
the effect of their interaction and the resulting vibrations depend on many fac-
tors such as the number of poles and the rotor and stator design. The vibration
studies are part of the Publications IV and V.

The energy-based magnetomechanical model is used for the vibration studies
of the induction motor described in sections 4.1.1 and 4.2.1. The results shown
in Fig. 4.17 are from Matlab time-stepping simulations with a simulation time
of 0.6 sec (6000 time-steps) and a timestep length of 0.0001 sec. The mesh has
694 nodes and 1162 triangular elements. The deformations of the stator in three
different cases viz., due only to magnetic forces, due only to magnetostriction
and due to both magnetic forces and magnetostriction are shown in Fig. 4.18.
The effect of magnetic forces on the stator core is introducing contraction,
whereas the magnetostriction expands the core. In radial displacement simula-
tion, the displacements of the outer nodes of the stator and inner nodes of the
rotor were fixed to zero in the tangential direction, and those were fixed in the

radial direction for the tangential displacement simulation.
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Figure 4.17. Left: FE mesh in Matlab, Right: Magnetic flux density in rotor and stator
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Figure 4.18. Deformation of the stator of four-pole motor due to (a) magnetic forces only, (b)
magnetostriction only and (c) both magnetic forces and magnetostriction. Dis-
placement scale factor: 1e4. The dotted line represents the original stator outer
boundary before deformation.

In Fig. 4.19, the displacements at a point on the stator outer surface are com-
pared for three different cases and it is inferred that the displacements due to
magnetic forces and magnetostriction are opposite in phase, which results in
the attenuation of the final displacement because they oppose each other’s ef-
fect. For more accurate results and avoiding the locking effect of FE elements,
simulations were done using second order elements also. From Fig. 4.20, the
second-order simulation results are shown, where the displacements are bigger,

compared to the first-order simulations.
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Figure 4.19. Simulated displacements at a point on the stator outer surface of the four-pole
motor. Left: Radial displacements, Right: Tangential displacements
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Figure 4.20. Comparison of radial displacements between first-order and second-order sim-
ulations. Left: Displacement due to only magnetic forces, Right: Displacement
due to both magnetic forces and magnetostriction

The same induction motor was simulated with a two-pole configuration to

study how the magnetic forces and magnetostriction behave in a two-pole mo-
tor. The results are shown in Fig. 4.21. Unlike the four-pole configuratiofn, the
magnetic forces and magnetostriction are in phase and the final displacement
becomes strengthened, because the contributions of magnetic forces and mag-
netostriction add together in this case. The stator deformation of the two-pole

motor in three different cases is shown in Fig. 4.22.
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Figure 4.21. (a) Flux density distribution in the two-pole motor, (b) Simulated radial displace-
ments at a node on the outer surface of stator

83



Application and Results

015 o1 005 [ 005 o1 015

Figure 4.22. Deformation of the two-pole stator core due to (a) magnetic forces only, (b) mag-
netostriction only and (c) both magnetic forces and magnetostriction. Displace-
ment scale factor: 1e4. The dotted line represents the original stator outer bound-
ary before deformation

4.2.4 Vibrations and Frequency Spectra Analysis

The deformation of the stator due to magnetic forces and magnetostriction
causes unwanted vibrations in electrical motors. The computational results of
magnetomechanical numerical models are presented in this section and com-
pared with the vibration measurements for detailed frequency spectra analysis.
The vibration measurements of two different induction motors are explained in
section 3.2.4. For the squirrel-cage induction motor, the measured vibration
spectra are given in Fig. 4.23. The same motor is simulated and the radial dis-
placements were computed, as explained in section 4.2.3. The Fourier analysis

of these displacements showing the frequency spectra is given in Fig. 4.24.
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Figure 4.23 Measured radial vibration frequency spectra of induction motor
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Figure 4.24 Simulated radial vibration frequency spectra of induction motor

The frequency spectra show that, the most important frequencies present are
the rotational speed frequency f.. = rotational speed/60 = 1400/60 = 23.3 Hz,
and the twice-line frequency 2f; (100 Hz) and their harmonics. Natural frequen-
cies fres 271 Hz and 423 Hz are also present in the spectrum. The magnetic forces
acting on the stator teeth and core produce the twice line frequency 2f;. For the
sinusoidal magnetising current, these nodal forces have two peak values at each
current period, which implies that vibrations caused by this force will have a
frequency equal to double the supply current frequency. There are spikes in the
vibration spectra at frequencies 2f; (100 Hz) and its integer multiples. In the
high frequency regions, the highest amplitudes of vibrations are caused by the
rotor-bar passing frequency for, given by, fix*number of rotor slots = 932 Hz.
The rotor-bar passing frequency (fyr) vibrations are the result of the magnetic
field around the rotor bars. This magnetic field generated by the rotor-bar
currents produces forces that act on the stator teeth and create vibrations in the
teeth and core of the stator. The frequency of these vibrations is usually higher
than 1 kHz and it increases with load. The sidebands of fyr at + 2 f1, 4 fi, 6 f1
and 8 f;. corresponding to 832 Hz, 1032 Hz, 732 Hz, 1132Hz, 632 Hz, 1232 Hz,
532 Hz and 1332 Hz are also present in the spectrum. At 341 Hz in Fig. 4.23, a
relatively high magnitude of acceleration is seen in the frequency spectrum,
which is caused by the structural vibration of the entire machine set-up. The
frame of the motor is not modeled and hence the magnitude of the vibrations
will be different in simulations compared to that of measurement. Because the
rigid body motion is not included in the simulation. This is why the simulated
accelerations were not separately calculated. The simulation solves primarily
the displacements. However, the frequency components should be the same in

both displacement and acceleration. The damping value was given as 1.2%,
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which was obtained from modal testing of the motor (not done within this the-
sis).

The second study on vibration measurements was done for a high-speed solid
rotor induction motor, the specifications of which are given in Table 3.2 of sec-
tion 3.2.4. The Fourier analysis of the measured vibrations is given in Fig. 4.25,
showing the frequency components in the measured accelerations at sensor 1,
in the radial and tangential directions respectively. There are higher values of
the acceleration components at frequencies 1000 Hz, 2000 Hz, 3000 Hz, 4000

Hz, 5000 Hz, 6000 Hz and 7000 Hz.
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Figure 4.25 Measured vibration frequency spectra of solid rotor induction motor at a motor
speed of 60000 rpm and a motor load of 51 Nm. Left: Radial acceleration, Right:

Tangential acceleration
The energy-based model is employed for the magneto-mechanical simulation
of the motor in Matlab. The motor was simulated with a PWM supply as in the
original measurement. The results shown are from time-stepping simulations
with a simulation time 0.015 s and have a time-step length of 5e¢ s. The mesh
of the simulated motor and the flux density distribution are shown in Fig. 4.26.
The radial displacement at a point on the stator surface due to magnetic forces

and magnetostriction is given in Fig. 4.27.
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Figure 4.26. The FE mesh of the solid rootr motor and the magnetic flux density distribution
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Figure 4.27. Simulated radial displacement at a point on the stator surface

The simulated displacements are used for the Fourier analysis and the fre-
quency spectra of the displacements are shown in Fig. 4.28, where there are high
magnitudes of displacements at 2000 Hz and 4000 Hz. Since the measured fre-
quency spectra are different from the simulated ones, the motor was simulated
again after introducing dynamic eccentricity in the rotor. The radial and tangen-
tial frequency spectra of the motor under dynamic eccentricity are shown in Fig.
4.29. It is worth noting that, the objective of this analysis is not to determine
the amplitude of the induced deformation or vibration, but to investigate the
frequency components present in them and to find out how they were initiated.
For different types of motors in terms of size and power, the amplitude of the

deformations and vibrations also vary (Verma et al. 1975).
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Figure 4.28. Frequency spectrum of simulated radial displacement (normal operation)
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Figure 4.29. Frequency spectrum of simulated displacement under dynamic eccentricity. Left:
Radial and Right: Tangential displacements
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For this high-speed motor, the rotor rotational frequency f, is 1000 Hz, the

supply frequency f, is 1008.7 Hz for a slip of 0.00875. Fig. 4.30 shows the major

radial acceleration amplitudes above 1 m/s2? around 2000 Hz, 4000 Hz and
6000 Hz frequencies, and the tangential components are given in Fig. 4.31. In
Table 4.4, the origination of different frequency components from the measure-

ment shown in Fig. 4.30 are detailed.
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Figure 4.30. Frequency spectra of measured radial accelerations
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Figure 4.31. Frequency spectra of measured tangential accelerations
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In Fig. 4.32, the simulated results of the major radial frequency components at
2017 Hz, 4035 Hz and 6052 Hz are given. It can be seen that the theoretically
proven components explained in section 3.1.4 are present in this simulated spectra
at the same frequencies as in the measurement shown in Fig. 4.30. The same re-
sults were achieved for tangential frequency spectra also. Hence, it can be con-
cluded from the simulation and measurement results that the supply frequency,
rotor frequency and the additional components due to dynamic eccentricity are
the major contributing factors of the motor deformation and thereby the accelera-
tions. In the simulation, the rigid- body motion including the frame of the motor
is not modeled, and hence the simulated acceleration will not have the effect of
rigid-body motion. This is the reason behind the difference in the amplitude be-
tween the measured and simulated accelerations. The measurement data can
also be influenced by the damping and resonance of the housing and support
structures of the motor.

Table 4.4. Origination of different frequencies in the acceleration spectrum

Frequency | Value (Hz) Sideband Value (Hz)

fs 1008.75

2f; 2017.5 2(fs-sfs) 2%(1008.75-
(1008.75*0.00875)=1999

2p*2f; (2¥1)*2017.5=4035 | 2p*2(fs-sfs) 2%(1008.75-

(1008.75*0.00875)=3998
(2p+1)*2f; | (2+1)*2017.5=6052 | (2p+1)*2(fs-sfs) | 3*2*(1008.75-
(1008.75%0.00875)=5999
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Figure 4.32. Radial frequency spectra of simulated acceleration showing 2017 Hz, 4035 Hz and
6052 Hz
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The major inference from the study is that when a dynamic eccentricity is pre-
sent in the motor, the frequencies in both measurement and simulation are sim-
ilar. This is a noteworthy result in terms of condition monitoring, motor assem-
bly and acoustic noise problems. The results indicate the existence of dynamic
eccentricity in the motor according to this study. This needs to be investigated
further to discover the root causes of eccentricity such as the calibration of mag-

netic bearings that keeps the rotor at the center of the motor.

4.3 Noise Analysis

The computational and experimental analysis and results of electromagnetic
phenomena including magnetic forces, magnetostriction, and their mechanical
effects such as deformation and vibrations are explained in the previous sec-
tions. The final part of this study is the consequence of vibrations, which is
acoustic noise. The Boundary Element Method (BEM) is used in this thesis for
the acoustic studies. The application results of the BEM in the noise computa-
tion of an induction motor are given in the following sections. The acoustic anal-

ysis is part of the publication VI.

4.3.1 Acoustic Noise produced by an Induction Motor

Numerical modeling of noise generation in an electrical motor involves three
stages: first modeling the electromagnetic forces, then the structural defor-
mation and vibration behavior and, lastly, the resulting acoustic response of the
motor. The magnetic force can be calculated from the Maxwell stress tensor as
given in Equation (3.15) in section 3.1.3. The magnetic forces are used as the
excitation for the structural simulation of the stator core of the motor. The elas-
tic model is shown in section 3.2.1. In the final step, the acoustic BEM model
explained in section 3.3.3 is employed for acoustic pressure calculations.

The simulations were done in the COMSOL multiphysics software. The spec-
ifications of the solid-rotor induction motor are given in Table 3.2 in section
3.24. From the finite-element-based electromagnetic analysis, the magnetic
forces of electromagnetic origin are taken into the structural mechanics domain

to compute the deformation and vibrations. The supply frequency was 1008 Hz
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and three time periods were simulated in the electromagnetic 2D computation.
There were 19750 linear triangular elements in the 2D mesh as shown in Fig.
4.33(a) and the structural 3D mesh of the stator had 104931 tetrahedral ele-
ments, given in Fig. 4.33(b). In the structural simulation, the deformation of the
stator core is calculated as shown in Fig. 4.34.
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Figure 4.33. The finite element mesh. (a) 2D triangular mesh of rotor and stator, (b) 3D tetra-
hedral mesh of the stator
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Figure 4.34. Deformation of the stator due to magnetic forces. Displacement scale factor: 5000

In the acoustic simulation, the accelerations computed in the FE structural
mechanics domain are taken as the boundary condition in the FEM-BEM inter-
face, where it is imposed at the stator outer boundaries, and thereby couples the
acoustics with structural analysis to create an acoustic-structure interface. For

the acoustics computations, the air surrounding the motor is modeled as an in-
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finite void. The BEM simulation computes the acoustic pressure in the sur-
rounding air of the motor due to the stator vibrations and the consequential
sound pressure level corresponding to different frequencies. The acoustic pres-
sure distribution outside the motor at 2016 Hz frequency is shown in Fig. 4.35.
The sound-pressure level produced by this acoustic pressure difference in the
air is given in Fig. 4.36. The same parameters for 4032 Hz are portrayed in Fig.
4.37. The sound-pressure level at the far field in different planes is given in Fig.
4.38. The far-fields plots of the sound pressure level offer an indication about
the directivity of the noise radiation in different planes around the motor at a

specific frequency.
Pa

m

Figure 4.36. Sound pressure level in dB outside the motor at a frequency of 2016 Hz
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Figure 4.37. Left: Acoustic pressure distribution in Pa outside the motor at 4032 Hz, (b) Sound
pressure level in dB outside the motor at 4032 Hz
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Figure 4.38. Far-field sound pressure level in dB at a distance of 1 m around the motor in the
(a) xy-plane, (b) xz-plane and (c) yz-plane
The results of the combined electromagnetic, structural and acoustic simula-
tion show that how the magnetic forces produce acoustic sound in an electrical
motor. This multi-level method conjoining two numerical methods and three
different physics into a single finite-element tool is an efficacious scheme for
acoustic analysis of electrical motors. The future part of this study is to conduct

laboratory experiments to measure the sound levels. Besides, to compare the
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measurement results with the numerical simulations, the whole structure of the
motor with the frame and bearings needs to be modeled in the forthcoming

stages.

94



Discussion and Conclusions

5. Discussion and Conclusions

This thesis focuses on the electromagnetic, magnetomechanical and vibro-
acoustic computations of electrical machines. In this chapter, the developed
methods, results and findings are discussed and summarized. The scope of con-
tinuation of the work done during this thesis, as well as suggestions for future

research, are presented and, finally, the thesis is concluded.
5.1 Discussion of the Methods and Results

5.1.1 Summary of the Findings

Magnetic Force Computations

The computation of magnetic forces is a key factor in most of the stages of this
thesis. The magnetic force calculation using the Virtual work principle is an ef-
ficient method that facilitates the analysis of local forces or nodal forces. Com-
pared to other methods like the Maxwell stress-tensor method, which computes
the total forces, the knowledge of nodal forces is an imperative factor in vibra-
tion studies. Besides, the Generalized Nodal Forces can be used for calculating
deformation and the analysis of frequency components in vibrations of electri-
cal motors using a direct magneto-elastic coupling. This method has proven to
be accurate by comparative studies with measurements and other magnetome-
chanical coupling methods. The implementation of Generalised Nodal Forces
computation in an open-source tool, which was done as part of this thesis facil-
itates the cost-effective study of magnetomechanical properties of different
kinds of materials and electrical devices. The GNF computation is employed in
an induction motor for computing the nodal forces and the stator vibrations,

and in the stress analysis of end-windings in a high-voltage induction motor.
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From the stress distribution pattern in the winding, one can compare the mag-
nitudes of the maximum stress with the yield stress of copper, insulations and
supporting materials. This data are decisive in the mechanical design including
insulation and supporting rings. Besides, the amplitude of vibrations is vital in
the design of the retaining structure.

The degenerated air-gap element method for magnetic force computation is
another important and original outcome of this thesis. This is an accurate and
effective technique for computing magnetic forces, where thin air gaps are pre-
sented in bodies in contact. The comparative study of results with the force
measurements and the eggshell method, and the convergence results show the
consistency of the degenerated air-gap method. Some of the applications of this
method are in permanent magnet motors, where magnets are glued in the iron
core in the motor and in linear synchronous motors with Halbach arrayed mag-
nets. Moreover, the degenerated air-gap element method significantly decreases
the finite element computational load of heavy meshing and expensive simula-
tions. In situations where accurate magnetic force computations are crucial, this
method is a brilliant option, as it eliminates the need for intricate meshing at
the contacts of complex structures and the forces can be computed in any part

or boundaries of machines or devices.

Magnetomechanical Coupling

The effect of electromagnetic phenomena such as magnetic forces and magne-
tostriction on the mechanical properties of ferromagnetic materials, and
thereby the deformation and vibrations of electrical motors, are studied using
magnetomechanical coupling methods. Different simulations and measure-
ment based studies that are done for this thesis using the energy-based magne-
tomechanical material model developed by extensive experiments and mathe-
matical modeling by different researchers prove that, it is an efficient and accu-
rate tool for studying the interaction between electromagnetic and magnetome-
chanical domains in an electrical machine. The magnetostriction is included in
the coupling model and the studies on induction motors showed that the inter-
action of magnetic forces and magnetostriction affects the amplitude of me-
chanical deformations and hence the vibrations. An original experiment was
done to measure the mechanical deformation in an iron sheet due to magnetic

forces and magnetostriction. The strain measurements were compared with the
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simulation results and separated the effects of magnetic forces and magneto-
striction on the deformation of the iron specimen. The interactive effects of the
magnetic forces and magnetostriction depend significantly on the structure of
the material and the method of excitation. In stationary devices like transform-
ers, the noise due to vibration is caused mainly by magnetostriction, which is an
intrinsic property of iron, whereas in rotating electrical machines like electrical
motors, the presence of air-gaps produces magnetic forces that chiefly contrib-

ute to stator vibrations.

Vibrations in Electrical Motors

In the vibration studies, the electromagnetic causes were the major point of in-
terest in this thesis, even though there are mechanical and aerodynamic factors
that affect the vibration and noise in an electrical machine. A simple magneto-
elastic coupling method by using nodal magnetic forces as input to an elasticity
calculation solver in an open-source finite element software tool that was car-
ried out specifically for this thesis was proven to be an economic yet effective
method for computing deformations and studying the frequency components in
the vibration spectra of an induction motor. The same vibration measurements
were used in another study using energy-based magnetomechanical coupling to
include magnetostriction. The inclusion of magnetostriction did not affect the
frequencies present in the vibrations, while there was a difference in the ampli-
tude of the deformations. The results from the numerical studies using the mag-
netomechanical coupled models show that, in different kinds of machines, the
effect of magnetic forces and magnetostriction can be different, because they
can either strengthen or counteract each other and thereby change the nature of
deformation and vibrations. The influence of pole numbers in an induction mo-
tor is analyzed in one of the studies in this thesis, and studies need to be done
for other types of machines to comprehend the effect of magnetic forces and
magnetostriction in different kinds of motors. An investigation of vibrations of
a high-speed induction motor using the energy-based magnetomechanical
model is another important contribution as part of this thesis. An extensive
study with the aid of measurements and numerical simulations in a high-speed
solid rotor motor for industrial applications is an innovative element of this
study. From the measurement and simulation results, it has been discovered

that the faults in electrical motors such as rotor eccentricity can significantly
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contribute to the origination of vibrations and acoustic noise. The stress de-
pendency of magnetostriction is included in the magnetomechanical model and
hence this study also takes into account the effect of stress in high-speed motors,

which facilitates more accurate computation of deformations and vibrations.

Vibro-acoustics and Noise

In the final part of the thesis, the acoustic noise in electrical machines due to
vibrations is studied. The Boundary Element Method is used for noise compu-
tations, which is an efficient and cost-effective numerical tool in acoustic stud-
ies. The sound level generated by an induction motor due to electromagnetic
forces is modeled successfully using a joint FEM-BEM based numerical compu-
tational technique. The energy conversion process in an electrical motor is illus-
trated by presenting how the electrical energy is converted into acoustic energy.
The proposed method explains how the electromagnetic, mechanical and acous-
tic domains can be examined and coupled in a simulation tool, formulated orig-
inally for the presented study. This tool delivers a convenient and useful means

for researchers to conduct magnetomechanical and vibro-acoustic studies.

5.1.2 Significance of the Work

This thesis focuses on the computational aspects and experimental studies on
three different multiphysical or, in other words, coupled entities. The first part
is the electromagnetics in electrical machines that includes mainly the electro-
magnetic forces in machines. The development of numerical computational
methods for magnetic forces based on the Virtual work principle is a substantial
feature in the technology of electrical machines. The accurate computation of
magnetic forces is an essential part of machine design and analysis. The pro-
posed Generalised Nodal Forces method facilitates the calculation of defor-
mation and vibrations in electrical machines by magneto-elastic coupling meth-
ods. The degenerated air-gap element method for magnetic force computation
in bodies in contact is another significant outcome of this thesis. This method
can be applied in wide areas of electrical machines and devices where accurate
force computation is required. Moreover, the implementation of these numeri-

cal methods in open-source software is a remarkable development. This enables
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the use of the developed methods for further studies and improvement of the
models in a cost-effective way.

The second part is the magnetomechanical computations where the magnetic
forces and magnetostriction are coupled to the mechanical domain to study how
these phenomena affect the mechanical properties of ferromagnetic materials
and electrical machines. The energy-based magnetomechanical coupling, devel-
oped by Fonteyn, Rasilo, Deepak, Aydin and Belahcen (2010-2018) is an imper-
ative tool in the vibration studies of this thesis. This model is proficiently used
in this thesis and proved to be an accurate method for vibration analysis. The
application of a well-studied and proven magnetomechanical coupling method
in electrical motor vibration studies is a unique characteristic of this thesis. The
interaction of magnetic forces and magnetostriction and the effect of this phe-
nomenon on mechanical deformation are vital outcomes of the studies con-
ducted for this thesis. This interactive effect can significantly affect the magne-
tomechanical properties of electrical machines such as vibrations and acoustic
noise. Besides, this is a crucial factor, which needs to be considered during the
design phase of electrical machines and devices. This is because the lack of mag-
netostriction and the interaction of the same with magnetic forces could result
in inaccurate calculation of design parameters of parts of the machines and sup-
porting structures.

In the end, the vibro-acoustic analysis concluded the flow of energy through
the magnetic, mechanical and acoustic trail in an electrical machine system to
the final product, which is the acoustic noise. The knowledge of vibrations and
frequency spectra from the magnetomechanical studies can be used in the noise

analysis by means of the Boundary Element Method.

5.2 Suggestions for Future Work

There are some potential topics that can be further investigated related to the
subjects studied in this thesis. Some suggestions for future work are summa-

rized as follows:

Local Magnetic Force Measurement
The computation of nodal magnetic forces is one of the key factors in this thesis.

The magnetic force measurements were done in a permanent magnet set-up and
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the results were compared with simulations. However, the measurement of local
magnetic forces is a potential experiment that can be done as a continuation of
these studies. The conducted experiment measured the total magnetic force and
the comparison of the measurement values with the total simulated forces was
successful. If we can obtain the nodal or local forces from a measurement, it can
establish the accuracy of the nodal force calculations. More complex experi-
mental methods like electron microscopy would be needed for such a measure-

ment system.

Segregating Magnetic Forces and Magnetostriction in Motors

The effect of magnetic forces and magnetostriction on the mechanical defor-
mation of iron sheets was studied in an experiment as part of this thesis. In
practical applications such as electrical motors, these two phenomena can have
a substantial effect on the mechanical properties and overall performance of the
machine. The measurement and segregation of the deformation caused by mag-
netic forces and magnetostriction in an electrical motor is a potential topic for
laboratory experiment that would shed light on the correctness of the applica-
tion of the developed magnetomechanical models in motor vibration studies.
The measurement of deformations or strains in active parts of a motor while the
motor is running is rather a difficult task. The placement of strain gauges and
other measurement devices is challenging in such an experiment set up. The
mode of operation of the motor and placement of rotor and stator need to be
calibrated to facilitate accurate measurements without compromising the real-

time operating conditions of the motor.

Digital Vibro-acoustic Measurement Applications

The measurements of vibrations were conducted for two different types of in-
duction motors in this thesis. Accelerometers were used for the measurement of
vibrations. With the advancement in digital platforms such as mobile phone ap-
plications, it is possible to develop applications to measure the nature of vibra-
tions and acoustic noise from a motor and analyze the frequency components in
the spectra. These kinds of digital devices and applications enable fast and fre-

quent diagnosis and condition-monitoring of electrical motors in an economic
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way, without setting up complex laboratory measurement systems. The pro-
posed magnetomechanical and vibro-acoustic computational models can be

used in these applications with the help of advanced software programming.

Fault Prediction from Noise

As a continuation of the above mentioned vibro-acoustic measurement applica-
tions, devices and applications for fault prediction and detection in electrical
motors are another potential topic having wide scope in condition-monitoring.
A study on the vibrations of a high-speed induction motor revealed that, rotor
eccentricity is a major cause of vibration in the investigated motor. The theoret-
ical analysis of this fault agrees with the simulation and measurement results.
If the tools used for the study can be implemented in a digital platform, it would

facilitate fault detections from noise recording.

5.3 Conclusions

The modeling and study of magnetic, mechanical and acoustic domains in an
electrical motor are imperative in the design and analysis of machine systems.
Decades of research and studies by scientists and engineers have developed ef-
ficient tools for optimizing the performance of electrical machine systems in
terms of their electromagnetic and magnetomechanical behavior. The excitation
of a machine by applying electrical power, the journey of the power, and the
conversion of energy from electrical energy to acoustic pressure includes differ-
ent physical phenomena. This thesis has succeeded in addressing these domains
of energy conversions and their effects in electrical machines by developing re-
liable and efficient computational tools and experimental methods. The re-
search conducted for this thesis resulted in the formulation and implementation
of successful numerical and experimental tools for the computation and analysis
of magnetic forces, magnetostriction, vibrations and acoustic noise in an intui-

tive manner, and largely using open-source platforms.
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Publication Errata

Publication Errata

Publication |

In Section IV. A second paragraph, in the last sentence, “The change of the force
error...” is incorrectly placed. It should come before the last sentence of the third

paragraph “When the length of the airgap...”

In Section IV. B second paragraph, in the first sentence, “In permanent mag-
net synchronous motors the Halbach magnet array...” should be read as, “In

permanent magnet synchronous motors where Halbach magnet array...”

Publication IV

In section 2.1, the last sentence of the last pargraph ends as “.. right side of (2).”

The (2) means the second equation in that section 2.
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When an electrical machine is supplied by electrical energy, various
multi-physical phenomena take place during the initial startup phase
and at different operational stages of the machine. One major pathway
of the energy is from electrical energy to magnetic energy, magnetic to
mechanical and mechanical to acoustic energy. Modeling various
parameters related to these different domains is challenging and

numerical computational tools are vital in such tasks.

From the design phase to condition-monitoring and fault-diagnostics
of electrical motors, the knowledge of electromagnetic forces, vibration
patterns and acoustic noise is imperative, as these variables provide
substantial information on the behavior of the machine under different
operating conditions. This thesis successfully addresses and models the
fascinating journey of energy in electrical machines and proposes
efficient computational and experimental schemes for calculating the
associated electromagnetic, magnetomechanical and vibro-acoustic

parameters.
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