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Summary

Magnetostriction is a source of vibration and acoustic noise of electrical machines
and it can be highly anisotropic even in non-oriented electrical steel. Understanding
of magnetostriction under magnetisation and stress conditions present in stator core

laminations can help predict the core vibration and radiated noise.

Anisotropy of magnetostriction of a 0.50 mm thick non-oriented steel investigated in
Epstein strips cut at angles to the rolling direction was much higher than the
anisotropy of its magnetic and elastic properties because magnetostriction arises
directly from magnetic domain processes. Magnetostriction of a disc sample of the
0.50 mm thick steel was measured under 1D and 2D magnetisation and compared
with that of a 0.35 mm thick steel with different anisotropy level. A 2D
magnetostriction model and an analytical simple domain model were used to explain
the experimental results. 2D magnetostriction is dependent on the magnetostrictive
anisotropy and the ratios of the transverse to longitudinal magnetostriction. AC
magnetostriction measured in the disc samples was larger than in the Epstein strips

due to the form effect.

An induction motor model core was constructed from the 0.50 mm thick steel for
measurements of localised flux density and deformation. Core deformation due to
Maxwell forces was calculated. Magnetostriction and specific power loss of the core
material under magnetisation conditions present in the core was measured. The
localised loss in the stator teeth, tooth roots and back iron differed from their
average value by 52%, 19% and 36% due to the magnetic anisotropy.
Magnetostriction was estimated to be about 55% and 80% of the radial deformation
at the tooth root and back iron regions respectively. Stator teeth deformed
asymmetrically and the magnitude of the space harmonics increased due to the

magnetostrictive anisotropy.

The measurement results inferred that 2D magnetostriction can be predicted from
the magnetostrictive anisotropy and vice versa. Also, core deformation and vibration
of large machines, where segmented stator core laminations are used, can be

estimated analytically with the knowledge of 2D magnetostriction of the core

material.
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1D
2D
AC
ACW
CGO
cwW
DAQ
FEM
FF
FFT
GO
HGO
NO
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PWM
RCP
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Data acquisition

Finite element method/modelling
Form factor

Fast Fourier transformation
Grain-oriented

Highly grain-oriented
Non-oriented

Needle probe technique
Orientation distribution function
Pulse-width modulated
Rogowski-Chattock potential
Rolling direction

Root mean square

Single strip/sheet tester
Transverse direction

Total harmonic distortion

Variables in the RD

Variables in the TD

Variables between the RD and TD

Variables in the normal direction

Variables in the radial direction

Variables in the tangential direction

Variables between the radial and tangential directions
Peak to peak value

Misalignment angle of rosette strain gauges

Cosines of the magnetisation direction relative to the [100], [010] and

[001] axes of a cubic crystal respectively

Cosines of the observed magnetostriction direction relative to the

[100], (010] and [001] axes of a cubic crystal respectively
Susceptibility
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Angle for stress and strain transformations
Kronecker delta

Strain
Strain tensor
Maximum and minimum strains in the principal axis

Strain component along the x or rolling directions

Strain component along the y or transverse directions

Strain component along the radial direction

Strain component along the tangential direction

Strain tensor due to Maxwell forces

Component of strain due to Maxwell forces along the radial direction
Component of strain due to Maxwell forces along the tangential

direction
Electrical angle in the stator core

Mechanical angle in the stator core
Shear strain component between the radial and tangential directions

Shear strain component between the RD and TD or x and y directions
Shear magnetostriction between the radial and tangential directions
Shear magnetostriction between the RD and TD

Shear strain between the radial and tangential directions due to

Maxwell forces

Magnetostriction

Magnetostriction tensor

Maximum and minimum magnetostriction components in the

principal axis

Magnetostriction component along the radial direction
Magnetostriction component along the tangential direction
Magnetostriction component along the RD
Magnetostriction component along the TD
Longitudinal magnetostriction

Transverse magnetostriction

Permeability

Permeability of the free space

Relative permeability

Relative permeability under alternating magnetisation

Poisson’s ratio
Effective number of the degrees of freedom of the standard

uncertainty
Number of the degrees of freedom of the standard uncertainty u(x;)

Angle between the major magnetisation direction and the RD
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Mass density of electrical steel laminations

Stress
Stress tensor
Maximum and minimum stresses in the principal axis

Stress component along the radial direction

Stress component along the tangential direction

Stress component along the x or rolling directions
Stress component along the y or transverse directions

Maxwell stress tensor

Maxwell stress component along the normal direction
Maxwell stress component along the radial direction
Maxwell stress component along the tangential direction

Shear stress
Time constant of the 2D magnetostriction model

Shear stress component between the RD and TD or x and y directions
Shear stress component between the radial and tangential directions
Frequency in radian per second

Magnetic Poisson’s ratio

Magnetic Poisson’s ratios along the RD and TD

Rayleigh damping factors

Average flux under each pole of the induction motor model core

Axis ratio of the flux density loci
Area
Anisotropy factor of variable x

Flux density
Instantaneous flux density
Instantaneous flux density component along the normal direction

Instantaneous flux density component along the radial direction
Instantaneous flux density component along the tangential direction
Instantaneous flux density component along the RD

Instantaneous flux density component along the TD

Peak value of flux density

Peak value of flux density component along the RD

Peak value of flux density component along the TD

Peak value of flux density component along the radial direction
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Damping matrix

Elastic modulus of a single crystal

Elastic modulus of a single crystal

Sensitivity coefficients of measurement uncertainties
Thickness of electrical steel laminations

Diameter of the stator core

Element displacement matrix

Nodal displacements matrix

System displacement

Shear magnetic modulus between the RD and TD

Electrical angle between two adjacent stator slots
Induced voltage due to Faraday’s law
Induced voltage along the RD

Induced voltage along the TD

Young’s modulus

Stress-strain operator

Crystal anisotropy energy

Magnetostatic energy

Back emf voltage in each phase of the stator winding
Force

Body force matrix

Magnetising frequency

Shear modulus

Instantaneous magnetic field
Instantaneous magnetic field component along the RD

Instantaneous magnetic field component along the TD
Magnetic field

Peak value of magnetic field

Coercive force

Magnetisation currents in the x and y axes of the 2D magnetisation

system
Instantaneous currents of the motor model core
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Magnetic polarisation
Axis ratio of an ellipsoid
Material anisotropy constant

Material anisotropy constant

Distribution factor of the stator winding
Gauge factor of a resistance strain gauge
Area-turn constants of the orthogonal h coils
Pitch factor of the stator winding

Stiffness coefficient
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System stiffness matrix
Element stiffness matrix

Sample length
Axial length of the stator core
Width of b coils

Mean path length of the SST

Mass of specimens
Magnetisation
Saturation magnetisation

Mass matrix
Remanent magnetisation

Shape function matrix
Initial demagnetised factor before deformation of an ellipsoid
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Magnetic modulus
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Time

Time period

Curie temperature

Displacement along the x direction
Strain energy density

Type A uncertainty of the variable x
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Standard uncertainty of the variable x
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Mechanical work
Strain energy
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Chapter 1

Aims of the Investigation

Non-oriented (NO) electrical steel commonly used in electrical machines, is often
treated as being magnetically and mechanically isotropic in its plane. However, there
can be a significant anisotropy in the B—H characteristics in some grades of NO
steel. It has been reported that the magnetic anisotropy in NO steel increases air gap
flux harmonics [1.1], cogging torque [1.2], and overall core losses [1.3] of electrical
machine cores. Magnetomechanically coupled properties such as magnetostriction
in NO steel have been reported to be possibly far more anisotropic than its specific

power losses [1.4].

In AC machine stator cores, two-dimensional (2D) flux mainly occurs in the tooth
roots and back iron. At the tooth roots, the flux loci are nearly circular then become
elliptical when moving towards the back iron [1.5]. Magnetostriction under such 2D
magnetisation is much higher than that under unidirectional (1D) magnetisation [1.6-
8]. It is highly sensitive to the magnitude and wave shape of the flux density. The
angles (@) of the major axes of elliptical flux loci to the rolling direction (RD) also
play an important role in high value of 2D magnetostriction similar to that under

alternating magnetisation [1.9].

Vibration and emitted acoustic noise of AC machines are of increasingly concern. The
radial component of the Maxwell forces across the air gap acting on the tips of stator
teeth of a rotating electrical machine is generally considered to be a main magnetic
source of stator core vibration [1.10]. Magnetostrictive force in the core material has

been reported to be another harmful vibration source [1.11], and it can be



responsible for up to 50 % of the total electromagnetic force [1.12]. Core
deformation and vibration due to magnetostriction have been calculated separately
from the Maxwell forces based on an assumption of weak coupling between the

magnetic and mechanical systems [1.13].

The relationship between 2D magnetostriction and magnetostrictive anisotropy in
NO steel is investigated and the effect of magnetostriction and its anisotropy on the
deformation of induction machine stator cores, where NO steel laminations are
subjected to 2D magnetisation under the dynamic Maxwell stresses, is quantified.
This information could be very important to transformer or motor manufacturers
who then could predict core deformation, vibration and radiated acoustic noise at

the design stage.

In summary, the main aims of this work are as follows:

e To investigate magnetic and magnetostrictive anisotropy of Epstein strips of
NO electrical steels.

e To measure 1D and 2D magnetostriction of NO steel laminations, and to
compare and correlate with the magnetostrictive anisotropy of Epstein
samples.

e To construct an induction motor model core for measurement of localised
flux density and deformation.

e To investigate 2D magnetostriction under magnetisation conditions present
in the induction motor model core, and to quantify the effects of

magnetostriction and its anisotropy on core deformation.
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Chapter 2

Theoretical Bases

This chapter provides basic theories of magnetism, ferromagnetic material and
magnetisation processes. Magnetisation characteristics and microstructures of
electrical steel sheets are discussed. Electrical steel subjected to 2D magnetisation

and Maxwell forces, commonly found in electrical machines are also described.

2.1 Basic Terms in Magnetism

A maghnetic field (H) is produced whenever an electric charge is moving such as in a
current-carrying wire or the orbital motions and spins of electrons in a permanent
magnet [2.1]. It can be detected by a force acting on a magnetic material or dipole.
The response to H in any medium is called flux density or magnetic induction (B).

Permeability ( i ) is used to define the relationship between B and H as

B=yH. (2.1)
In free space, the relationship between B and H is written as

B=u,H (2.2)

where g, is the permeability of free space (x4, =47 %107 H/m). In other mediums,

B is expressed relative to free space as

B= 1 p,H (2.3)



where y, is the dimensionless relative permeability of the material. Some SI units

used in magnetism are listed in Table 2-1.

The relative permeabilities of paramagnetic materials such as air and aluminium are
slightly higher than unity. Diamagnetic material such as copper has x, marginally
less than unity. Paramagnetic and diamagnetic materials respond linearly to a
magnetic field. Relative permeability of ferromagnetic material varies with H and is
much greater than unity thanks to the alignment of atomic magnetic moments or
dipoles inside the material. This is discussed in the next section. There are other
kinds of magnetism such as antiferromagnetism, metamagnetism, ferrimagnetism
and parasitic ferromagnetism, but since they are of minor importance to this

investigation they are not be discussed here.

Table 2-1 S| units of magnetism

Variables Sl units
Magnetic field H A/m
Magnetisation M A/m

Flux density B T
Polarisation J T
Permeability u H/m

Susceptibility y -

2.2 Ferromagnetic Material and Magnetisation Process

Regions in a ferromagnetic material are formed by atomic dipoles lined up, even
with no external magnetic field. Each atomic dipole can be considered as a north-
south bar magnet with constant magnetisation as illustrated in Fig. 2-1. These
dipoles can be influenced by external magnetic fields. A region with all the dipoles
pointing along the same direction is called a magnetic domain. Domains are
separated by domain walls containing layers of atoms. The thickness of a domain
wall of iron is approximately 160 atomic layers [2.1]. Magnetisation (M) is used to
represent the intensity of dipoles per unit volume of a solid aligned in a given
direction. At 0 K, all the dipoles line up in the same direction without any external

magnetic field and the magnetisation reaches saturation magnetisation, M,. The

saturation magnetisation varies from material to material. However, if the material is

heated to its Curie temperature (T,), the dipoles point in random (disordered) and



the material becomes paramagnetic. For iron, M,=1.71X1O6 A/m relating to flux

density of 2.15 T, and T.=770°C [2.1].

Domain wall

Atomic dipoles Domains
AN

Fig. 2-1 Hlustration of domains and domain walls in ferromagnetic materials [2.1]

Domains distribute themselves to minimise the magnetostatic energy due to the
leakage field during the demagnetisation process as shown in Fig. 2-2. At the
demagnetised state, domains re-arrange themselves with narrower domains and
flux-closure domains arise to provide return paths for the spontaneous
magnetisations of the main domains. The net magnetisation within the material is
also zero at this state. The domain walls separating two anti-parallel bar domains are
called 180° domain walls. The walls between the main bar domains and the
perpendicular flux-closure domains can be classified as 90° domain walls. In iron,

only 90° and 180° domain walls exist [2.1].

T m YR

+ w \NHAL

Fig. 2-2 Rearrangement of domains at the demagnetised state due to the energy minimisation [2.2]
Magnetisation and magnetic field both contribute to the flux density as follows
B=p,(H+M)=p,H+J (2.4)

where J=pu,M is the magnetic polarisation. Susceptibility ( y ) defines how well the

material responds to the field and can be written as



M

Z=F=/‘r—1' (2.5)
If an external field H is applied to a demagnetised ferromagnetic material (point @ in
Fig. 2-3), the minimum energy condition is altered. The main domain walls move to
create magnetostatic energy to counter-balance the energy from the slowly
increasing field, so the net magnetisation is not zero (point b). The flux-closure
domains are completely wiped out at a higher field and only a single domain exists
(point c). If the field continues to increase, the single domain rotates towards the

field direction and the magnetisation eventually reaches the saturation M, (point d).
However, the air flux g,H still contributes to the flux density. After reducing the

field to zero, the flux density does not follow the same path as the initial
magnetisation curve and the domain walls do not move back to the position at the
demagnetised state due to the irreversible magnetisation process (point e). The
remaining induction and magnetisation at this point are called remanent flux density,
B, and remanent magnetisation, M, respectively. This irreversible magnetisation
process is caused by pinning of domain walls due to impurities. An opposed field,

called the coercive force H,., is required to reduce the net magnetisation to zero

(point f). Further increase of the magnetic field in the opposite direction will again
saturate the material. A repeated process from negative to positive saturation
creates an area enclosed by B and H, termed a B—H loop or hysteresis loop. This
area is proportional to the energy loss in the material per unit volume per
magnetisation cycle, often termed hysteresis loss. Apart from impurities, hysteresis
loss also depends on grain size, internal stress, prior heat treatment, surface

condition and thickness [2.3].

The wider the B—H loop, the higher energy is stored and dissipated in the material.
Therefore, hard magnetic materials such as permanent magnets have wider B—H
loops which indicate store more energy is stored (classified by H,> 10 kA/m). On the
other hand, B—H loops of soft magnetic materials such as electrical steel should be
narrow to achieve low loss (H.< 1 kA/m). Obviously, an anhysteretic B—H
characteristic would be ideal for soft magnetic material because of zero loss. Under
AC magnetisation, the B—H characteristic in Fig. 2-3 is wider due to additional

magnetic fields from the eddy current and excess losses and the energy loss per



cycle is higher than under the quasi-static condition. These losses are frequency

dependent, sometimes referred to dynamic losses [2.4].
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Fig. 2-3 Changes in domain structures during the magnetisation process of a ferromagnetic material

The movements of non-180° walls cause dimensions of a bulk ferromagnetic material
to change due to magnetostriction. This varies with domain structures, and
magnetisation magnitude and direction. High magnetostriction is desirable for
materials used in sensors and actuators, but it should be as low as possible in
electrical machine and transformer cores since it creates additional vibration and
audible noise. A mechanical stress applied to the material also induces the domain
structures to change because the energy minimisation is modified by the
magnetoelastic energy. So, magnetostriction is a function of external stresses as well
as magnetisation. Magnetostriction and stress-induced changes in domain structure

are discussed in Chapters 5 and 9 respectively.

2.3 Electrical Steel

Iron has easy magnetisation directions along the edges of a single crystal (one of the
(100) directions) as illustrated by the dipoles pointing along the [100] direction in
Fig. 2-4. If the magnetisation direction deviates from the easy axes, there is a torque

between the magnetising field and the dipoles. The energy associated with this



torque is called the crystal anisotropy energy, E,. The crystal anisotropy energy of

cubic materials can be written as

E,=K,(dla} +dial +dal)+ K, &l ai i +..., (2.6)

where ;, a, and a, are the cosines of the magnetisation direction relative to the
(100], [010] and [001] directions of the crystal, and K, and K, are the anisotropy

constants [2.5]. The higher order terms in (2.6) are sometimes neglected and only
the first term is considered if the anisotropy constants of the higher order terms are

far less than K,. However, the easy magnetisation axis can be transformed to the
hard axis if K, is relatively high enough [2.6]. Table 2-2 summarises the
magnetisation axes of cubic crystalline material for various ranges of anisotropy

constants.

Table 2-2 Magnetisation axes and anisotropy constants of cubic crystalline material [2.6]

Anisotropy constants Magnetisation axes
Easy Medium Hard
K,>0 -0 <K, /K, <-9 (111) (100) (110)
-9<K,/K,<-9/4 (100) 111y (110)
-9/4<K, /K, <o (100) (110) 111)
K, <0 —o<K,/|K |<9/4 (111) (110) (100)
9/4<K,/|K, <9 {110) (111) {100)
9<K,/|K, <o (110) {100) 111)

For iron, K,= 4.8x10% J/m® and K, /K,= 0.026. Therefore, the face diagonal ((110)
directions) and space diagonal ({111) directions) are the medium and hard

magnetisation axes respectively because of the crystal anisotropy energy.













































































































































































































































































































































































































































































































































