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Samenvatting

De geluidsproductie van transformatoren en elektrische machines is een vrij com-
plexe materie. De diverse bronnen van dit geluid zijn het onderwerp geweest van
talrijke studies. In dit werk wordt enkel de bijdrage van de magnetische kern tot de
geluidsproductie behandeld. Meer bepaald worden de vervormingen en de trillingen
van de kernen als gevolg van magnetische oorzaken bestudeerd. De berekening van
het voorgebrachte geluid door deze trillingen valt niet meer binnen het bereik van dit
werk.
De vervorming van een magnetische kern is te wijten aan twee verschijnselen die
samen optreden: magnetische krachten en magnetostrictie. De bijdrage van de mag-
netische krachten wordt vaak uitgedrukt als het effect van een “externe” magnetis-
che kracht op het magnetische materiaal. Anderzijds is de vervorming door magne-
tostrictie het gevolg van interatomaire interacties van het materiaal zelf door de aan-
wezigheid van een magnetisch veld.

Het uiteindelijke doel van het onderzoek is het beperken van de geluidsproductie
van transformatoren en elektrische machines door middel van een optimalisatiepro-
cedure. Er werd reeds een eindige-elemententechniek (EE) ontwikkeld voor tweedi-
mensionale berekeningen van de vervorming van de magnetische kern, wat de focus is
van dit werk. De ontwikkelde EE-techniek maakt gebruik van een continuumbeschri-
jving van het magnetische materiaal waarin zowel de lange-afstands magnetische
krachtwerking als magnetostrictie in rekening worden gebracht. Hierbij worden “mag-
netostrictiekrachten” ingevoerd om de vervorming (rek) ten gevolge van magnetostric-
tie weer te geven. De methode maakt verder gebruik van de klassieke elastische
vergelijkingen en voor de magnetische verschijnselen worden de Chu-formuleringen
gebruikt. Terwijl het effect van de magnetische krachten analytisch kan berekend wor-
den op basis van de magnetische velden, is er voor de bijdrage van magnetostrictie
een model nodig voor het magnetostrictief gedrag van het materiaal dat experimenteel
moet bepaald worden.

Voor de identificatie van het magnetostrictief gedrag van het kernmateriaal werd
er een meetopstelling ontwikkeld tijdens dit werk. Hierbij wordt de tweedimension-
ale vervorming van een staal opgemeten in een Single Sheet Tester (SST). De focus
van dit doctoraatsonderzoek ligt op transformatoren, waarvan de kernen bestaan uit
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lamellen van elektrisch staal. De gebruikte materialen vertonen magnetostrictie in de
grootte-orde van micrometer per meter. De meetopstelling meet de trillingssnelheid
van een sample van een lamel door middel van laser-vibrometers. Na de signaalver-
werking wordt de rek ten gevolge van magnetostrictie, d.i. de relatieve lengteveran-
dering van het staal, berekend. De resultaten bekomen met deze opstelling worden
vergeleken met deze bekomen met een eerder ontwikkelde opstelling met rekstrookjes.
De laseropstelling levert een aantal voordelen op, zoals een hogere nauwkeurigheid,
een eenvoudige voorbehandeling van het staal en de mogelijkheid om stalen met coat-
ing op te meten.

Voor wat gegevens over magnetostrictie in de literatuur betreft, wordt meestal een
zuivere sinusodale magnetisatie verondersteld. Gezien de toepassing op transforma-
toren, is het nuttig de netspanningsgolfvorm in acht te nemen, die meestal hogere
harmonischen bevat, voornamelijk als gevolg van niet-lineaire belastingen. Hierdoor
is het noodzakelijk de invloed van deze harmonischen in de magnetisatie op het mag-
netostrictief gedrag te bestuderen. In dit werk tonen experimentele gegevens over het
effect van de derde harmonische bij verschillende elektrische staalsoorten (georin-
teerde en niet-georinteerde) aan dat zowel de amplitude als de faseverschuiving van
de hogere harmonische ten opzichte van de grondgolf een significante invloed hebben
op de harmonischen in de magnetostrictie. Daarom moeten de harmonischen in de
magnetisatie in rekening worden gebracht bij de identificatie van het magnetostrictief
gedrag van de materialen. Daartoe werden de magnetostrictiemodellen die aangewend
worden in de EE-berekeningen, die vroeger enkel magnetisatie met een grondgolf
beschouwden, verbeterd om ook de effecten van de hogere harmonischen in de span-
ning (en dus in de magnetisatie) in rekening te brengen.

Aangezien er een model van het magnetostrictief gedrag van het materiaal nodig
is in de EE-berekening, werd een dergelijk model gemaakt op basis van de metin-
gen met de laseropstelling voor elk van de richtingen in het vlak van de lamellen.
De modellering van de data wordt uitgevoerd met behulp van een artificieel neuraal
netwerk (ANN). De inputs van het netwerk zijn de amplitude en de frequentie van de
magnetische inductie B in het materiaal. Als er hogere harmonischen aanwezig zijn
in de magnetische inductie, worden de amplitudes en de faseverschuivingen van deze
hogere harmonische, ten opzichte van de grondgolf, hieraan toegevoegd als input. Het
netwerk genereert de amplitude en de fase van de harmonischen van de magnetostric-
tieve rek. Eens het ANN is ontworpen, dient het getraind te worden met de opgemeten
data van het beschouwde kernmateriaal.

De berekeningsmethode werd voorheen reeds toegepast om de vervorming van
een driefasige transformatorkern te valideren gebaseerd op een magnetostrictiemodel
bekomen met de meetresultaten van de opstelling met rekstrookjes. De vergelijking
van de opgemeten en de berekende vervormingen leverde een onvoldoende overeen-
stemming op, te wijten aan de assemblage van de transformatorkern en de aan-
wezigheid van andere trillingsbronnen.
In dit werk wordt er een validering van een nfasige transformatorkern uitgevoerd bij
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een puur sinusodale magnetisatie. De kern werd specifiek ontworpen om toe te laten
enkel de magnetostrictieve rek te kunnen evalueren. De vervorming van de kern wordt
berekend met de EE-methode en de resultaten worden vergeleken met die bekomen
aan de hand van trillingsmetingen. De trillings- en vervormingsmetingen op de trans-
formatorkern werden uitgevoerd met een laser-scanning vibrometer. De vergelijking
tussen de berekende en de opgemeten data toont een relatief goede overeenkomst. De
mogelijke oorzaak van bepaalde verschillen is te wijten aan het feit dat een tweedi-
mensionale berekeningsmethode wordt gebruikt, waarbij de derde dimensie (loodrecht
op het vlak van de lamellen) niet in rekening wordt gebracht. Het uitbreiden van de
EE-techniek van een twee- naar een driedimensionale aanpak is n van de suggesties
voor verder onderzoek.

Als een toepassing van de EE-berekeningsmethode, wordt het effect van de hogere
harmonischen in de netspanning op de vervorming van een driefasige transforma-
torkern berekend. De berekeningen worden uitgevoerd met een 50Hz-grondgolf en
een vijfde harmonische, aangezien deze vijfde harmonische de belangrijkste is in de
netspanning van (Europese) netten. De modale trillingen bij verschillende vijfde har-
monische componenten in de magnetisatie worden vergeleken met deze bekomen bij
puur sinusodale magnetisatie. Hierbij is het verschil voor de 100Hz-component van
de trillingen gering. De harmonische 200Hz-component toont echter een significante
toename in het geval een vijfde harmonische aanwezig is in de aangelegde spanning.
De aanwezigheid van zowel een 50Hz-grondgolf als een vijfde harmonische (250 Hz)
genereert immers een 200Hz-harmonische in de magnetostrictieve rek (en in de mag-
netische krachtwerking).





Summary

The noise generation in transformers and electrical machines is a rather complex topic.
There are different sources of this noise which have been the focus of many studies.
In this work only the contribution of the noise generated in the magnetic core of the
device is treated. More specifically, the vibrations and the deformation of the cores as
a result of the magnetic noise sources are studied. The calculation of the ensued noise
is not within the scope of this work. The deformation of a magnetic core is due to two
phenomena: electromagnetic forces and magnetostriction, which occur together. The
contribution of the electromagnetic forces is often expressed as the effect of an exter-
nal magnetic source on the magnetic material. However, magnetostriction deformation
is a result of the interatomic interaction of the core material itself in the presence of a
magnetic field.

The final goal of this research is to reduce noise of transformers and electrical
machines by means of an optimisation procedure. Focusing on the deformation of
the magnetic cores, which is the scope of this work, a Finite Element (FE) tech-
nique has been developed in the past for a two-dimensional (2D) computation. Such
technique considers a continuum description of the magnetic core material and takes
into account both long-range magnetic forces and magnetostriction. A set of mag-
netostriction forces are introduced in order to generate the magnetostriction strains
in the material. This method is mainly derived from basic elasticity equations and,
for the magnetic phenomena, the Chu model formulations are applied. While the ef-
fect of the magnetic forces can be analytically computed, for the contribution of the
magnetostriction strains a model of the magnetostrictive behaviour of the material is
required, where the latter needs to be obtained experimentally.

To this end, for the identification of the magnetostrictive behaviour of the core
material a measurement setup has been built during this work. The setup measures
a 2D deformation of a sample in a Single Sheet Tester (SST) method. The focus of
this PhD research is only on transformers, the cores of which consist of laminations
of electrical steels. Such material shows magnetostrictive deformations in the order
of micrometer per meter. The setup measures the vibrational velocity of a sample
of electrical steel by means of laser vibrometers. After a signal post-processing the
corresponding magnetostriction strains, i.e. the relative length change of the sample,
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are calculated. The results obtained by this setup are compared with those obtained
by a strain gauge setup which was developed in the past. The laser setup offers some
advantages such as: higher accuracy, easy sample preparation and the possibility of
measuring coated samples.

For the magnetostriction strains reported in the literature often a purely sinusoidal
magnetisation is considered. Regarding the application in transformers, it is worth-
wile to consider the grid voltage which generally contains some higher harmonics,
mainly due to nonlinear loads which are connected to it. Thus, information about the
effect of such harmonics on the magnetostrictive behaviour is necessary. In this work,
experimental data on the effect of the third harmonic on the magnetisation for differ-
ent electrical steel materials, grain-oriented and nonoriented, showed that not only the
amplitude but also the phase delay of the higher harmonic, with respect to that of the
fundamental, can significantly change the harmonics of the magnetostriction strains.
As a result, the harmonics on the magnetisation need to be taken into account for the
identification of the magnetostriction strains. To this end, the FE method, which pre-
viously could only consider a magnetisation with a fundamental component only, has
been improved to consider also the effects of the higher harmonics in the voltage (and
thus in the magnetisation).

Since a model of the magnetostrictive behaviour of the core material is required
for the FE computation, a model of the measurement results obtained by the laser
measurement setup has been made for the magnetostriction strains in both directions
in the plane of the sheets. The data modelling has been carried out with Artificial
Neural Network (ANN). The network inputs are then the amplitude and frequency
of the magnetic induction B in the material. If there are higher harmonics present on
the magnetisation the amplitude and the phase delay of these higher harmonics, with
respect to those of the fundamental harmonic, are the other inputs to the network.
The network outputs are the magnitude and the phase of the harmonics of the mag-
netostriction strains. Once a network is designed it needs to be trained based on the
measurement data of the given core material.

The computation technique was previously applied to validate the deformation of
a three-phase transformer core based on a magnetostrictive model of the strain gauge
setup measurement results. However, due to the assembly of the transformer core and
the presence of other vibration sources the comparison of the measured and computed
deformation did not show a satisfactory agreement.
In this work, a validation on a single-phase transformer core has been performed un-
der a purely sinusoidal magnetisation. This core has a special design in order to make
it possible to evaluate the magnetostrictive vibrations only. The core deformation has
been computed by the FE technique and the results were compared with those obtained
by the vibration measurements. The vibration and deformation measurements of the
transformer core were performed by means of a laser scanning vibrometer. The com-
parison between the computed and experimental data showed quite good agreement.
The possible reason for some differences is due to the 2D computational method,
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which does not account for the third dimension of the core (perpendicular to the plane
of the laminations). One of the suggested future works is improving the technique
from a 2D to a three-dimensional (3D) approach.

As an application for the FE technique, the effect of the higher harmonics in the
grid voltage on the deformation of a three-phase transformer core is computed. The
calculations are performed for a sinusoidal voltage with a 50Hz frequency and a fifth
harmonic component, since this fifth harmonic has the largest contribution in the Eu-
ropean grid voltage. The modal vibrations under various magnetisations (viz with dif-
ferent fifth harmonic components) are compared with those obtained under a purely
sinusoidal magnetisation and showed that the variations for the 100Hz harmonic of
the vibrations are small. However, the 200Hz harmonic showed a significant increase
when a fifth harmonic was present on the applied voltage. In fact, the presence of a
fundamental component with 50Hz frequency and a fifth harmonic on the magneti-
sation signal generates a 200Hz harmonic on the magnetostriction strains (and the
magnetic forces), and thus this harmonic increases significantly.
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CHAPTER 1

Introduction

1.1. Rationale of the work

The growing world population and increased urbanisation have resulted in more con-
centrated living areas. The urbanisation growth has brought the industrial areas closer
to the residential areas. As a result, everyday lives of people have been subject to many
changes. One of the consequences is suffering the industrial noise, e.g. noise of electri-
cal machines and transformers, which has gained more attention during the past years.
Focusing on transformers, they are essential for the transmission and distribution of
electricity to households. More transformers have been placed in the residential areas
to provide them with electricity. However, the unwanted audible noise of transform-
ers worsens the life quality of the neighbours. The generation of this noise and the
contributing sources have been the focus of many studies, e.g. [1], [2], [3] and [4].

In essence, transformers consist of a wound core which is physically protected
inside a tank. However, the transformer construction is an extensive topic e.g. with
respect to the choice of the core material, the assembly of the core and the windings
pattern [5]. This work only focuses on transformers the cores of which are stacks
of laminations of ferromagnetic materials, specifically electrical steel. Further on in
this chapter, only the noise sources of the aforementioned transformer type will be
presented.

Transformer noise sources

Noise of a transformer is generated by different sources. A schematic depiction of
the different noise sources is shown in Fig. 1.1. The total noise of a transformer is
contributed by three main groups: aerodynamic, magnetic and winding noise.
• The aerodynamic noise originates from the cooling system of the device. In large

transformers the installation of a fan is required which generates a low frequency
noise.
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• The windings noise is a result of the Lorentz force acting on the winding
conductors which is proportional to the vector product of the magnetic induction
B and the current I in the winding conductors.

• The magnetic noise refers to the noise generated in the ferromagnetic core
of the transformer. The noise in the core is itself produced as a result of the
electromagnetic forces and magnetostriction, which will be described in chapter
2.

Transformer noise sources

Aerodynamic Magnetic Windings

Electromagnetic forces and magnetostriction

Figure 1.1: A schematic of the noise sources in a transformer.

The noise generation in a transformer is in reality more complicated. The afore-
mentioned noise sources cause a force which results in pulsating vibrations of the
core. Based on the mechanical structure of the core, these vibrations result in the de-
formation and ensue audible acoustic noise. Regarding the mechanical structure of the
core, for instance the total generated noise can be amplified by the transformer tank.
If the dominant frequency of the vibrations of the core of the transformer coincides
with the natural frequencies of the metal plates of the tank, the noise radiation will be
considerably increased. In the construction of transformers, the transformer designers
attempt to decrease the noise in different ways, e.g. the followings

• Lowering the magnetic induction B (1.2T instead of 1.7T-1.85T) decreases the
generated magnetic noise. Once the transformer works at a lower magnetic
induction B (1.2T instead of 1.7T-1.85T) the noise generation decreases.

• The geometry and the dimensions of the core may activate the natural frequencies
of the core. A suitable geometry can lower the noise significantly.

• If the core design is strong and stiff, the noise radiation may decrease.

• To lower the noise of the tank, a damping pad is inserted between the core of the
transformer and the tank bottom [5].
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The magnetic noise of transformers is of interest to us. Since the electromagnetic
forces can be calculated, the magnetostriction of electrical steels and its consequences
do interest us. Magnetostriction refers to the change in the dimensions of ferromag-
netic alloys due to a change in their magnetisation. As a result of the magnetostriction,
the core of a transformer is subjected to pulsating distortions, which cause noise. Sev-
eral studies have focused on the magnetostriction noise of transformers and electrical
machines, as it is one of the main noise sources e.g. [6], [7], [8] and [9].

1.2. Motivations and goals

The ultimate goal of this research is to reduce noise of transformers. In order to do so,
an optimization procedure is required to modify transformers to reach an optimal de-
sign. To this end, first different noise sources and their contributions to the total noise
should be well identified. Regarding the deformation of transformer cores, which re-
sults in vibrations and the magnetic noise, a computation technique has been devel-
oped in the past at the Electrical Energy Laboratory (EELAB) of Ghent University.
Such technique needs a model of the magnetostrictive behaviour of the transformer
core material. This model is based on the results of the magnetostriction strain mea-
surements of the samples of the core material.

To this ends, a magnetostriction strain measurement setup has been developed in
the past which was based on strain gauge technique. To overcome the limitation of
this strain gauge setup, i.e. inability to measure the behaviour of coated samples, and
achieve a higher measurement accuracy there was a motivation for a new measurement
setup. This new setup, which has been developed during this PhD work, is based on
laser technique.

The computation technique has been validated for a test transformer core. In the
past, the technique could only calculate the deformations under a magnetisation with
a fundamental harmonic component. The method has been improved in order to cal-
culate deformations under a magnetisation with higher harmonic components.

1.3. Overview of the work done

Here a short overview of the content of the following chapters will be presented.
In chapter 2, first the magnetisation process of ferromagnetic materials is pre-

sented. Different energy terms and the equilibrium state based on the minimisation
of the free energy are discussed. Further on, the magnetostriction phenomenon is ex-
plained both from the microscopic and macroscopic point of view. For the computation
of the deformation of the magnetic cores due to the magnetic sources, the formulation
based on the Chu model is applied. Thus, this model is further described in this chap-
ter.

The model description requires a model of the magnetostrictive behaviour of the
core material. Such behaviour is experimentally obtained by means of measurement
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techniques. In chapter 3, first a short literature overview of the existing magnetostric-
tion measurement setups is presented. Thereafter, the magnetostriction strain mea-
surement setups which have been developed at EELAB will be presented. The strain
gauge setup, which was developed in the past, and its advantages and drawbacks will
be explained. After that, the new magnetostriction strain measurement setup, which
is based on the laser technique, will be concisely presented. The development of this
new setup and programming the controlling software have been all carried out during
this PhD work.

In chapter 4 first the measurement results obtained by the new setup on samples of
grain-oriented and nonoriented electrical steel under a purely sinusoidal magnetisation
will be presented. Next, a comparison between the measured results obtained by the
laser setup and those with the strain gauge setup will be made. Since in reality some
higher harmonics are present on the electricity grid, the effect of of such harmonics
on the magnetostrictive deformation needs to be identified. To this end, measurements
are performed under a sinusoidal magnetisation once with a third and once with a fifth
harmonic component which had different amplitudes and phase delays with respect to
the fundamental harmonic component. The obtained results will be presented in this
chapter.

Since the goal of this PhD work is calculating the deformation of the transformer
cores due to the magnetic sources, i.e. electromagnetic forces and magnetostriction, a
computation technique is applied. Such technique, which is based on a 2D FE method,
has been developed in the past. The contribution of the electromagnetic forces can be
calculated based on analytical expressions. However, for the deformation due to the
magnetostriction a model of the magnetostrictive behaviour of the material is required
for the calculations. Such models are made by using Artificial Neural Network (ANN)
based on the magnetostriction strain measurement results obtained by the laser setup.
In chapter 5 an overview of the FE technique and the ANN modelling will be pre-
sented.

In chapter 6 a validation of the FE computation technique will be presented. In
the past, an attempt was made to compute the deformation of a three-phase trans-
former core by using the aforementioned method. The vibrations of the same core
were then measured and the obtained deformation was compared with the computed
results. However, the validation was not successful and the results were not analo-
gous. In this work, a new validation has been performed for a single-phase transformer
core, for which the results showed rather good agreement. The design of this new test
transformer and the validation, the computation versus the measurement, will be thor-
oughly presented in chapter 6.

In chapter 7, an application for the FE computation technique is presented. The
influence of the higher harmonics of the grid on the magnetostrictive deformation of
the transformer cores is of interest to us. To this end, the deformation of a three-phase
transformer core is computed by using the FE technique under a magnetisation with a
fifth harmonic component. Different amplitudes and phase delays of the fifth harmonic
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are studied, with respect to the fundamental harmonic. The results are then compared
with those under a purely sinusoidal magnetisation.

In the final chapter, chapter 8, a conclusion of the work is drawn. In addition, a
few suggestions for the future research are made.
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CHAPTER 2

Magnetostriction and magnetic

forces

2.1. Introduction

In this chapter a theoretical background will be provided on the magnetisation of ferro-
magnetic materials with a focus on magnetostriction and electromagnetic forces. First
a short overview of the micromagnetism of ferromagnetic materials will be presented
in order to help the understanding of the magnetisation and magnetostriction pro-
cess. After that, the macroscopic effect of magnetostriction will be presented. At the
end, the continuum description of magnetoelastic materials based on the Chu model
formulation will be presented. Such description is later applied in a technique for the
computation of the deformation of magnetic cores as a result of electromagnetic forces
and magnetostriction, which were discussed in chapter 1. The technique to compute
the deformation will be presented in chapter 5.

2.2. Microscopic magnetisation

Atoms in a ferromagnetic material are arranged in a crystalline structure. A crystal
lattice of iron is shown in Fig. 2.1. In the iron lattice, there are three preferred magneti-
sation directions which are the easy 〈100〉, medium 〈110〉 and hard 〈111〉 directions.
They refer to the orientations along the edge of the lattice basis cell, the plane and
space diagonal respectively. Once a uni-directional magnetic field H is applied, the
magnetisation along one of the easy directions requires rather low magnetic filed. The
magnetisation along the medium directions requires relatively larger magnetic field.
The magnetisation along the hard directions requires even a larger magnetic field.

In fact, the ferromagnetic materials are formed once the material cools down below
the Curie point. At temperatures higher than the Curie point, the magnetic moments
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Easy
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Hard
<111>
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m

Figure 2.1: A cubic crystal lattice of iron with indication of easy, medium and hard magnetisation
directions for which low, medium and large magnetic fields are required respectively.

inside the material are completely randomly aligned and the material is paramagnetic.
However, when it is cooled down below the Curie temperature, the material sponta-
neously divides into many small regions called magnetic domains and becomes fer-
romagnetic. Each ferromagnetic material has a different Curie temperature (e.g. for
pure iron 770◦C). To explain the formation of the magnetic domains, we first need to
discuss the competing energy terms at the microscopic level.

Minimisation of the free energy

In general, the total energy of a ferromagnetic material is called the Gibbs free energy
EG, which is a contribution of the following energy terms: exchange energy Eexch,
anisotropy energy Eani, magnetostatic energy EMS, magenetoelastic energy Eme and
externally applied magnetic field energy (Zeeman energy) Ea.

EG = Eexch + Eani + EMS + Eme + Ea (2.1)

This total energy depends on the magnetisation state of the material and always
attempts to find an equilibrium state with a minimum energy value. The presence of
a magnetic field, external stress or a temperature variation unbalances the equilibrium
state. Therefore, the domain structure of the material is subjected to a change in order
to reach a new equilibrium. A brief overview of the different energy terms will be
given here but for a more detailed study we refer to [10], [11] and [12].

• Exchange energy Eexch
The exchange energy is a result of the interaction between neighbouring magnetic
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dipoles. For the ferromagnetic materials a parallel alignment of the neighbouring
dipoles is energetically favoured.

• Anisotropy energy Eani
As shown in Fig. 2.1, the ferromagnetic materials have preferred crystallo-
graphic directions and any other directions are thus energetically unfavourable.
The anisotropy at the magnetic moment scale means that the atomic magnetic mo-
ments preferably align with one of the easy crystallographic directions and the
energy needed to do so is called the anisotropy energy. The anisotropy energy is
caused by the magnetic moments which are not aligned along the crystallographic
easy direction. Such energy per unit volume for iron alloys, which have a cubic
lattice with three easy directions, can be described as follows

Eani(r) = K1(α
2
1(r)α

2
2(r) + α2

2(r)α
2
3(r) + α2

3(r)α
2
1(r)) + K2(α

2
1(r)α

2
2(r)α

2
3(r)),

(2.2)
where αi (i = 1,2,3) is the local magnetisation with respect to the crystallo-
graphic direction of the material (α1 = cos(M,〈100〉), α2 = cos(M,〈010〉) and
α3 = cos(M,〈001〉)). The K1 and K2 are the first and second order anisotropy
constants. For 3% silicon iron K1 is large and positive which as a result forces all
domains to be parallel to the 〈100〉 direction under low and medium magnetisa-
tion1.

• Externally applied magnetic field (Zeeman energy) Ea
In the presence of an applied (external) magnetic field H(r) the magnetisation of
a magnetic moment changes. The energy consequently released can be calculated
as follows

Ea(r) = −µ0H(r). M(r), (2.3)

where M(r) is the local magnetisation vector. In fact, if there was only the
Zeeman energy, the magnetisation direction of the material would completely
align with the applied magnetic field.

• Magnetostatic energy EMS
Magnetostatic energy refers to the energy of a magnetic moment as a result of
the magnetic field produced by all the other magnetic moments. Regardless of the
space variation of the energy, based on the Maxwell’s equations, the following is
valid

EMS(r) = −
1
2

N

∑
i=1

µ0Mi(r).HMS,i(r), (2.4)

1 It corresponds to the regions up to the knee of the B-H loop of the magnetisation shown in Fig.
3.15.
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where HMS,i(r) is the magnetic field of the other magnetic moments on the i mag-
netic moment. This energy is analogous to the Zeeman energy except for the factor
of 1

2 . Since the magnetostatic energy is a mutual term, the 1
2 factor is required in

order to calculate the energy between each two dipoles only once. The dipole field
can be driven from

O.HMS = −O.M = ρm, (2.5)

O× HMS = 0, (2.6)

where ρm is the fictitious magnetic charge density caused by the M varying in
space. In fact, for the formation of the magnetic domains a pattern with the lowest
magnetostatic energy level is formed. As shown in Fig. 2.2(a), there is a single
domain material and large stray fields are introduced in the surrounding air. In
Fig. 2.2(b) and 2.2(c), the formation of domain walls are shown (with dotted lines)
which separates one domain in two and four parallel domains. Thus, instead of a
uni-directional domain with a large stray field, parallel domains with lower ener-
gies are formed separated by 180◦ domain walls. These domain walls are in fact
the boundaries where the magnetic moments change their direction and alignment.
Fig. 2.2(d) and 2.2(e) show the formation of the closure domains, which elimi-
nates the stray fields outside the domains. The emergence of the closure domains
happens early in the domain formation process and disappears rather late in the
saturation process. Such a pattern is energetically favoured and is in agreement
with reaching the minimum energy. The closure domains have 90◦ domain walls
and thus the field follows a closed path inside the domains. The 180◦ and 90◦ do-
main walls and how the direction of the magnetisation is at these walls are shown
in Fig. 2.3. Because of the cubic lattice structure of the material, the 180◦ and 90◦

domain walls ensure the magnetisation along one of the easy directions [13].

• Magnetoelastic energy Eme
Magnetoelastic refers to the interaction between the magnetic and the elastic prop-
erties of the ferromagnetic materials. The magnetostriction and magnetomechanic
phenomena both belong to the magnetoelastic properties of the material. From
macroscopic point of view, while the magnetostriction refers to the deformation of
the material in presence of a magnetic field, the magnetomechanical effect is the
reverse effect. In another word, in response to the application of external mechan-
ical stress to a ferromagnetic material, not only the deformations happen but also
a change of the magnetisation state occurs. In general, the magnetoelastic energy
Eme is a contribution of both external stress and internal factors. We limit us here
to the definition of the magnetomechanical effect. More about it will be given in
relation to the macroscopic aspect and external stress effect. The magnetostriction
phenomenon will be thoroughly studied in the following sections.

As all different contributing factors to the total energy have been discussed, we can
now consider the total energy. The equilibrium state of the material is the result of this
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Figure 2.2: The formation of the magnetic domains with the aim of the minimum energy level
(a) the formation of a uniformly magnetised domain with large stray fields (b) formation of a 180◦
domain wall which separates the single domain in two anti-parallel domains and decreases the stray
field and the magnetostatic energy (c) appearance of more 180◦ and smaller domains (d) elimination
of the stray fields out of the domain and formation of the closure domains with 90◦ domain walls (e)
further formation of the closure domains which is energetically favourable.

Figure 2.3: The 180◦ and 90◦ domain walls and the magnetisation direction.

total energy, as reported in (2.1). There is a trade off among all different contributing
energy terms and they are balanced with each other in a way to make sure that the total
free magnetic energy is minimum. Every change such as a variation in the external
applied magnetic field, external applied stress or temperature disturbs the balance and
results in a change of these factors. Thus, once again all the energy terms compete
with each other to reach a new balance and keep the total energy minimum. In short,
we assume that Heff is the sum of the fields that stands for all the micromagnetic
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Figure 2.4: A two-dimensional magnetostriction strains of a sample of ferromagnetic material and
the coordinate system, representing the elongation along the magnetisation direction and the shrink-
age perpendicular to that.

interactions in the material

Heff = Hexch + Hani + HMS + Hme + Ha. (2.7)

The minimal Gibbs free energy states are the magnetic configurations where in each
point of the material the micromagnetic torque N is zero, which is defined as

N = µ0M× Heff. (2.8)

A positive value of torque N implies that there is a driving force to a new micromag-
netic state equilibrium. For a detailed description we refer to [10].

2.3. Magnetostriction and microscopic behaviour

As mentioned in the §1.1, in general the magnetisation of ferromagnetic materials is
accompanied by changes in their dimension, which is known as magnetostriction. The
magnetostriction phenomenon was first discovered by Joule in 1842 when he was able
to demonstrate the deformation of an iron bar when magnetised [14].

Under low and medium fields the magnetisation of the sample is only followed
by a three-dimensional deformation without any volume changes. A two-dimensional
deformation of a sample is shown in Fig. 2.4, where the sample elongates along the
magnetisation direction and shrinks in the perpendicular direction. The magnetostric-
tion strain λ in one direction is defined as follows, where l0 is the original length of
the sample in that direction and l is the length of the magnetised sample

λ =
4l
l0

=
l − l0

l0
. (2.9)
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A two-dimensional approach is taken throughout this work to measure the magne-
tostriction strains parallel and perpendicular to the applied magnetic field (for which
hereafter the notations λ‖ and λ⊥ will be used).

As a result of magnetostriction not only the material is deformed, which is a
macroscopic effect, but also the microscopic structure of the material undergoes
changes. Here, first the microscopic effect on the domain structure of the material
will be presented and thereafter the macroscopic effect will be discussed. Looking
at the microscopic behaviour, there are two types of magnetostriction, the so-called
spontaneous magnetostriction and the field-induced magnetostriction.

Spontaneous magnetostriction

The spontaneous magnetostriction λ0 of the material refers to the instant when the
temperature descends below the Curie point. This is in fact when the material be-
comes ferromagnetic and the magnetic domains are formed. Due to the spontaneous
magnetisation, a sudden magnetostriction strain λ0 occurs. The direction of the spon-
taneous magnetisation varies from domain to domain while the bulk magnetisation in
total stays zero. Fig. 2.5(a) shows a spherical volume of unstrained anisotropic solid
above the Curie temperature which is in fact paramagnetic. In Fig. 2.5(b), the sponta-
neous magnetostriction is presented which is when the material is ferromagnetic but
not magnetised. For isotropic material, the spontaneous strain e with an angle of θ

with respect to the magnetisation direction can be written as follows

e(θ) = e cos2(θ), (2.10)

The average spontaneous magnetostriction λ0 is the sum of the spontaneous magne-
tostriction of the domains throughout the material

λ0 =

π/2∫
−π/2

e cos2(θ) sin(θ) dθ = e/3. (2.11)

Field-induced magnetostriction

The field-induced magnetostriction is directly linked with the magnetisation of the ma-
terial. In a cubic material, in demagnetized state, the different domains are randomly
aligned along the easy directions (〈100〉,〈010〉,〈001〉) (equally the same in every di-
rection) and thus the resultant magnetization of the material as a whole is zero. When
low and medium magnetic fields are applied, the domains which their magnetisation
is energetically in favour with the field, grow in volume at the expense of the less
favourably oriented neighbours.

In the case of polycrystalline iron the magnetostriction-field curve is divided into
three regions, as shown in Fig. 2.6. In zone 1 the domains which their magnetising
direction corresponds to the external field direction grow at the expense of domains of
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Figure 2.5: A schematic diagram of a ferromagnetic material in (a) above the Curie temperature with
a disordered regime or paramagnetic properties (b) the ferromagnetic regime with ordered domains
but unaligned with respect to the applied magnetic field (c) in the ferromagnetic regime magnetised
to saturation with ordered and completely aligned domains with respect to the applied magnetic
field [15].

which the magnetising direction is not completely aligned with the external field. This
implies that the boundaries will move. Then also the magnetostriction of these do-
mains will change. On the B-H curve of the material, which is shown in Fig. 3.15, this
boundary movement represents the magnetization states corresponding to the instep
and the knee of the curve.

With a further increase of the magnetic field strength, when the boundary dis-
placements are almost complete, a gradual contraction begins, as shown in Fig. 2.6,
zone 2. In fact, now a rotation mechanism of the domains becomes dominant and the
atomic magnetic moments, aligned along an easy direction rotate from their original
direction of magnetization into the field direction. The contraction of the material con-
tinues until the rotation mechanism is complete and the magnetisation saturation and
consequently the magnetostriction saturation are reached.

In the zones 1 and 2, the volume of the material remains constant. However, further
increase of the magnetic field causes a volume increase of the material accompanied
by an expansion which is the same in all directions, as shown in Fig. 2.6, zone 3. The
volume magnetostriction is observed in the presence of very large fields which are not
within the focus of this work [16], [17]. Back to the saturation magnetisation state, the
corresponding magnetostriction saturation λs might be compared with the case of the
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Figure 2.6: Diagram of magnetisation, linear magnetostriction (parallel to the magnetisation di-
rection) and volume magnetostriction of iron as a function of applied magnetic field H where zone
1 represents the boundary movement of the domains (up to almost 800 A/m), zone 2 represents the
domain rotation (800-8000 A/m) and zone 3 represents the volume magnetostriction (fields higher
than 8000 A/m) [17], [18].

demagnetised ferromagnetic state as follows

λs = e− λ0 =
2
3

e. (2.12)

The saturation magnetostriction of an isotropic material is shown Fig. 2.5(c), where
all the domains are completely aligned with the applied magnetic field (M is parallel
with H). In general, the saturation magnetostriction for an isotropic material with an
angle θ to the field direction is calculated as

λs(θ) =
3
2

λs(cos2(θ)− 1
3
), (2.13)

where λs is the saturation magnetostriction along the direction of the magnetisation.
(2.13) assumes a polycrystalline material with no preferred orientation of the crystal
axes. However, for a single crystal structure the saturation magnetostriction should be
defined in relation to the crystal axis along which the magnetisation lies. The satura-
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tion magnetostriction in single domain, single crystal cubic materials is then given by
a generalised version of (2.13)

λ =
3
2

λ100(α
2
1β2

1 + α2
2β2

2 + α2
3β2

3 −
1
3
) (2.14)

+3λ111(α1α2β1β2 + α2α3β2β3 + α3α1β3β1),

where λ100 is the saturation magnetostriction measured along the 〈100〉 direction and
λ111 is the saturation magnetostriction along the 〈111〉. The direction cosines relative
to the field direction in which the saturation magnetostriction is measured are β1, β2
and β3. α1, α2 and α3 are the direction cosines of the axis, relative to the field direction,
along which the magnetic moments are saturated.

2.3.1 Grain-oriented versus nonoriented electrical steel

Electrical steels are iron-silicon alloys with enhanced magnetic properties, such as
small hysteresis loss and high permeability. The percentage of silicon is often up to
3.2%, since a higher silicon concentration provokes brittleness. Electrical steels can
be divided in two groups according to their production process, i.e. nonoriented and
grain-oriented steel. A representation of their domain structure in the demagnetised
state for the domains inside material and not at the surface is shown in Fig. 2.7. Only
the main magnetisation directions are shown without the closing domains for the sake
of simplicity. Since the domain structure in the demagnetised state is shown, the aver-
age magnetisation is zero2.

Fig. 2.7(a) gives a representation for nonoriented material which is isotropic and
has the same magnetic characteristics in every direction. This type of material is pre-
ferred for applications where a rotational magnetic flux is required, such as in electri-
cal machines. For grain-oriented material, the grains are favoured in the rolling direc-
tion which is therefore a preferred magnetisation direction, see Fig. 2.7(b). It turns out
that the 〈100〉 direction of most grains are approximately parallel to the rolling direc-
tion of the material as shown in Fig. 2.8. These materials, which are thus anisotropic,
are preferred for applications which require a uni-directional magnetisation, e.g. trans-
former cores.

2.3.2 Stress effect

External stress

For a single crystal of a cubic ferromagnetic material, the magnetostriction strain has
been presented in (2.14). If a uniform tensile stress σ is applied to a cubic ferromag-
netic material, the resulting magnetoelastic energy due to the external stress Emeext is

2 It is assumed that there is no remanence magnetic induction B. Once again, the magnetisation
M of all the domains are always aligned with the easy magnetisation directions.
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(a) (b)

Figure 2.7: The domain structure of electrical steel illustrating the domain magnetisation in the
demagnetised state (without showing the closing domains for simplicity) in (a) nonoriented type in
which the magnetisation M has a different directions for different domains (b) grain-oriented type
in which the domains are more developed along the rolling direction of the material.

Figure 2.8: The orientation of the grains in a samples of grain-orientated electrical steel.

as follows

Emeext = −
3
2

λ100σ(α2
1γ2

1 + α2
2γ2

2 + α2
3γ2

3) (2.15)

−3λ111σ(α1α2γ1γ2 + α2α3γ2γ3 + α3α1γ3γ1),

where αi (i = 1,2,3) have been previously defined as the direction cosines of the
magnetisation within a domain with respect to the cube axes. γi (i = 1,2,3) are the
direction cosines of the uniform tensile stress σ with respect to the cube axes. λ100
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and λ111 are the saturation magnetostriction constants in the 〈100〉, 〈111〉 directions,
respectively.

In the case of 3% Si-Fe, in which the domains are locked to certain crystallo-
graphic directions by crystalline anisotropy and K1 is positive, (2.15) can be simplified
to

Emeext = −
3
2

λ100σ cos2 θc, (2.16)

where, as mentioned in §2.2, K1 is the first order anisotropy constant, which for the
case of the grain-oriented electrical steel is in fact along the easy direction 〈100〉. θc
is the angle between the uniform tensile stress σ and the domain which their magneti-
sation is assumed to be parallel to an easy direction. The minimum of (2.16) is then
− 3

2 λ100σ for the domains which lie parallel to the tensile stress [19], [20].
In fact, for iron, if there is a tensile stress applied along the 〈100〉 direction, the en-

ergy along the 〈100〉 direction decreases. Thus, the energetically favourable domains
grow at the expense of less favourable domains. As a result, the domains with 180◦

domain walls grow and the closure domains decrease. To this end, the 180◦ domains
walls remain unaffected while the 90◦ domain walls move. This process shows that
the 90◦ domain walls are stress-sensitive [15].

Coating stress

Electrical steels are usually coated, mainly in order to reduce eddy current losses, in-
crease resistance between laminations and to protect the material against corrosion.
There are different types of coating depending on the application where the electrical
steel is to be used. For an excitation and the resulting magnetostriction in the rolling
direction, as applied to grain-oriented material, it turns out to apply a pre-stress (tensile
stress) in this direction. For nonoriented material, compared to grain-oriented material,
the coating stress is much smaller. To observe the effect of the coating stress measure-
ments are performed on coated and non-coated samples of some grain-oriented and
nonoriented electrical steel types, the results of which will be shown in chapter 4.

In fact, the effect of the coating tensile stress can be explained based on the domain
structure. As explained in §2.3.2, the coating stress makes the closure domains smaller.
All magnetostriction strains are related to these closure domains. This has been also
previously shown in a simple way in Fig. 2.5 (b) and (c), in which the magnetostriction
strains are proportional to the strains of the domains which are not fully aligned with
the applied magnetic field.

Looking at the domain structure of grain-oriented material, the crystals are ori-
ented in the rolling direction of the material, which is the preferred magnetisation
direction. In another word, the majority of the domains are aligned with the rolling
direction of the material. The coating tensile stress removes much of the closure do-
mains in the absence of an external magnetic field. However, these domains reappear
in the presence of a magnetic field and as a result a small negative strain occurs. In the
case of nonoriented materials, there is no preferred direction for the domains and thus,
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the tensile coating effect, compared with the case of the grain-orientated material, is
much smaller. To conclude, the application of the coating, especially on grain-oriented
materials, is beneficial to lower the magnetostriction strains.

2.4. Theoretical approaches to calculate magnetostriction

The presented equations on magnetostriction calculation only apply to monocrystals
which their magnetostriction is the average of all domains. However, electrical steels
have a polycrystalline structure which means the crystalline structure are arranged in
regions, so-called grains. The grains have the same crystal structure but the orientation
of the lattice differs from grain to grain. The amount of grains and their size strongly
depend on the material structure and vary from material to material.

In addition, a continuous change in the applied magnetic field results in a discon-
tinuous change in the magnetic flux density B, which is known as the Barkhausen
effect. Briefly speaking, this effect is a consequence of the domain boundary move-
ment and domain rotation of the material. Further study of this effect is beyond the
scope of this work and can be found elsewhere [15], [16].

To conclude, analytical approaches are incapable of calculating the magnetostric-
tive deformation under a random applied magnetic field in the microscopic scale.
Thus, to identify the magnetostrictive behaviour experimental approaches are re-
quired, which will be discussed in chapter 3.

2.5. Macroscopic behaviour

The magnetostrictive strains are often plotted as a function of the magnetic induc-
tion B, the so-called butterfly loop (B-λ). The strains along the magnetisation direc-
tion λ‖ for nonoriented and grain-oriented materials are shown in Fig. 2.9 and Fig.
2.10, respectively. For electrical steel the strains are in general in the order of mi-
crometer per meter. Grain-oriented materials normally show less magnetostriction de-
formation than nonoriented materials, which is due to their domain structure. These
grain-oriented materials have most of the domains along the rolling direction and thus
the closure domains are relatively smaller. The smaller the closure domains, the less
magnetostriction strains.

The macroscopic observations show that the magnetostrictive behaviour of every
ferromagnetic material type is different from the others. In general, the defining factors
can be categorised as follows

• The crystal structure of the material and the grain pattern
Every ferromagnetic material has a different magnetostrictive behaviour due to a
different crystalline structure. The material structure affects not only the amplitude
of the strain but also the sign of the strains significantly. Fig. 2.11 shows the am-
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Figure 2.9: The magnetostriction strains along the magnetisation direction λ‖ versus the mag-
netic induction B for a nonoriented electrical steel under a sinusoidal magnetisation with a 50Hz
frequency.
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Figure 2.10: The magnetostriction strains along the magnetisation direction λ‖ versus the mag-
netic induction B for a grain-oriented electrical steel under a sinusoidal magnetisation with a 50Hz
frequency.

plitude of magnetostriction strains of several materials versus the magnetic field
H[A/m] from zero strain up to the saturation state.

Even for the same material type, for instance electrical steel, the composition
of the material and the production process result in different grain size with
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Figure 2.11: The amplitude of the magnetostriction strains λ[µm/m] of several ferromagnetic ma-
terials versus the amplitude of the applied magnetic field H[A/m] [17].

different orientation which as a result affect the magnetostrictive behaviour. An
increase of the silicon (Si) percentage decreases the magnetostrictive strains, at
the expense of the increase of the brittleness [21].

• The applied magnetic field
With different types of magnetisation signals and various amplitudes the magne-
tostrictive behaviour varies. In addition, the presence of higher harmonics affects
the behaviour and creates minor loop inside the B-λ butterfly loop. The presence
of a fifth harmonic on a sinusoidal magnetisation signal with the fundamental fre-
quency of 50Hz is shown in Fig. 2.12. The fifth harmonic has an amplitude of 10%
of that of the fundamental.
• Application of external stress

There have been several studies on the influence of an external stress on the mag-
netostrictive behaviour, [20], [19], [22], [23]. A study on grain-oriented materi-
als shows that application of a compressive or tensile stress less than 2MPa has
a minor effect on the magnetostriction behaviour. However, compressive stresses
larger than that (in the order of a few MPa) increase the magnetostriction strains.
The effect of tensile stress on the magnetostrictive behaviour of the material is
opposite to that of compressive stress, as shown in Fig. 2.13 [23]. The study of
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Figure 2.12: The magnetisation strains λ‖ versus the magnetic induction B for a grain-orientated
electrical steel under a sinusoidal magnetisation with a fifth harmonic component which has an
amplitude of 10% of that of fundamental.

Figure 2.13: Magnetostriction characteristic versus externally applied stress of a grain-oriented
silicon steel measured along the rolling direction at the magnetic indication B of 1.5T at 50Hz fre-
quency [23].
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the effect of external strain and stress is especially useful for the magnetostrictive
behaviour of transformers, since in all laminated magnetic cores stress occurs. A
non-uniform applied clamping force in the assembly of the core or a temperature
variation can all contribute to the appearance of stress. To this end, information
about the influence of the externally applied stress (both compressive and tensile)
on the magnetostriction behaviour is useful. However, such study was beyond the
scope of this PhD work and only the magnetostriction behaviour of different ma-
terials as a function of applied magnetic field under zero externally applied stress
has been studied.

Magnetoelastic effect

As discussed, variations of the magnetic field result in a change of the shape of
magnetic materials (the magnetostriction deformation) and its Young’s modulus. The
Young’s elasticity modulus E is a measure of the stiffness of the material and is defined
as the ratio of the mechanical stress σ over elastic strain ε

E =
σ

ε
. (2.17)

In addition, according to the magnetomechanical effect, the magnetic properties of
the material as a result of the application of stress (tensile or compressive) varies. The
magnetomechanical coupling models are based on the following constitutive equations

dB =

(
∂B
∂H

)
σ

dH +

(
∂B
∂σ

)
H

dσ, (2.18)

dλ =

(
∂λ

∂H

)
σ

dH +

(
∂λ

∂σ

)
H

dσ. (2.19)

The indices mean that the derivations are at a constant mechanical stress σ or a con-
stant magnetic field H respectively. If the changes in the stress and the magnetostric-
tion are small and reversible, the magnetoelastic coupling can be represented as(

∂λ

∂H

)
σ

=

(
∂B
∂σ

)
H

. (2.20)

In fact, if the magnetostriction λ is positive and increases continuously by the applied
field H, the magnetisation B will also increase by tension. On the contrary, once the
magnetostriction is negative the magnetisation B decreases. This effect is one of the
indirect approaches for quantitatively calculating the magnetostriction strains without
measuring them [16], [24].
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2.6. Continuum description of magnetoelastic material

So far some basics of microscopic magnetisation and different energy terms have been
presented. The magnetostriction phenomenon has been also explained from both the
microscopic and macroscopic points of view. In order to calculate vibrations and de-
formation of ferromagnetic cores due the magnetic sources, which has been presented
in §1.1, a computational method is required. However, as explained in §2.4, the com-
putation of the magnetostrictive deformation is not possible on the microscopic scale.
To this end, a method has been developed in the past based on a continuum model of
the core material. For the contribution of the magnetostriction a model of the mag-
netostrictive behaviour of the core material is required, which the latter needs to be
experimentally obtained. Further on, the theory behind this method will be described.
It starts with magnetic computations which are based on the Maxwell’s laws and the
theory explained so far. Then the elasticity equations for the calculations of the me-
chanical deformation are applied.

The electromagnetic forces applied on a material from other sources e.g. currents
may act on a long-range, while the magnetostriction is a local effect as a result of the
magnetisation process. Since both phenomena always occur together, they have to be
considered simultaneously for solving magnetoelastic problems. To this end, various
formulations are common such as the Chu model and the Ampère model. A thorough
elaboration of different models to describe magnetic forces and magnetostriction can
be found elsewhere [25]. For the description of the Chu model and the Ampère model
we refer to [26], [27], [28], [29]. In this work only the Chu model formulation is
considered and is later applied for a deformation computation technique, which will
be presented in chapter 5.

2.6.1 Long-range magnetic forces based on Chu model formulation

In the magnetisation model of Chu, elementary magnetic dipoles are modelled as two
opposite magnetic charges qm and −qm separated from each other by a distance d,
which have a magnetic moment of m = qmd.

We consider that such magnetic dipole is in free space, i.e. while the other mag-
netic sources which generate the external field of He are far on a molecular scale. The
force acting on this dipole is then

F = (m.O)He. (2.21)

We now consider a part V1 inside the surface S1 of a magnetised body, as presented
in Fig. 2.14. For calculating the magnetic long-range force acting on V1, it is assumed
that it is separated from the rest of the magnetic material (V0) by means of an in-
finitesimal gap. Thus, the short-range forces, i.e. interactions on a microscopic scale
between the material V1 and V0 vanish. We can then replace the magnetic moment m
of a single dipole with the magnetic moment per unit volume µ0M and the external
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Figure 2.14: Definition of long-range magnetic forces [28].

field He with the macroscopic field H because∫
(µ0M · ∇)Hdv =

∫
(µ0m · ∇)Hedv (2.22)

The force density f mf is as follows, for which the force density acting on the current
density J is also considered:

f mf = J × µ0H + (µ0M · ∇)H (2.23)

=∇ · Tmf, (2.24)

where the tensor Tmf is given by

Tmf = B H − µ0

2
H2 I. (2.25)

On the material boundary S1 the force density displays a singularity i.e. a surface
traction:

Tmf(n) = n · (Tmf,ext − Tmf,int), (2.26)

where Tmf,ext and Tmf,int are the magnetic stress tensor just outside and inside the
material respectively and n is the outward normal unit vector on the surface. For the
boundaries between the material and air (2.26) results in

Tmf(n) =
µ0

2
M2

nn, (2.27)

where Mn is the normal component of the magnetisation M inside V1. Based on the
force density (2.23) and the corresponding surface force density (2.27) on the material
boundaries, the long-range force acting on the material inside V1 can be calculated as

Fmf =
∫
V1

f mfdv +
∫
S1

Tmf(n)ds, (2.28)
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=
∫
S1

[n · Tmf + Tmf(n)]ds. (2.29)

According to (2.28), the long-range magnetic force does not only depend on the vol-
ume foce density, since the surface tractions Tmf cannot be expressed in a tensor
formulation of form n · Tmf.

Back to (2.29), the long-range magnetic force acting on a part of a magnetised
body can be calculated by integrating the “magnetic stress vector” σm over its surface,
defined as follows [30], [28]

σm(n) = n · Tmf + Tmf(n). (2.30)

2.6.2 Stresses in magnetised material

Except for the long-range magnetic forces, all other phenomena e.g. magnetostriction
and mechanical stresses can be defined by means of stress vector τ(n), i.e. the force
per unit surface area acting on an imaginary surface with normal vector n. It is found
that the stress vector τ(n) can be presented in terms of a stress tensor τ and the surface
traction Tmf as follows

τ(n) = n · τ − Tmf(n). (2.31)

In fact, in the classical elasticity equation only the first term is present n · τ. However,
the surface traction Tmf, which corresponds to the case with a fictitious boundary
with air is added to the (2.31), assuming an equilibrium condition is reached for an
infinitesimal part of the magnetised body.

The stress vector τ(n) includes local interactions which consists of elastic stress
and magnetostriction. Based on (2.27), (2.31) it can be expressed as follows

τ(n) = n · τ − µ0

2
M2

nn. (2.32)

The stress can be analysed by considering the equation of motion of arbitrary infinites-
imal parts of the magnetised body. The forces on such parts consists of the stress on
its surface τ, the long-range magnetic forces presented in (2.28), and any external
volume forces f ext e.g. gravity force and finally external surface force Text at mate-
rial boundaries. Assuming an arbitrary volume, the equation of linear motion for this
volume can be expressed as

ρa = f mf + f ext +∇ · τ, (2.33)

where ρ and a are the mass density and the acceleration, respectively. At material
boundaries the equilibrium condition is valid for the equation of linear motion, thus:

n · τ = Text + Tmf. (2.34)
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2.6.3 Work, energy and constitutive laws

For a deformable magnetised media, the work and energy terms will be discussed in
this section. First we consider an infinite space V∞ containing moving and deformable
magnetic media, for which we have displacement u, magnetisation M and current den-
sity J. Considering sufficiently small deformations, they can be described by means of
the strain tensor ε given by the symmetric part of the Jacobian of the displacement

ε =
1
2
(∇u + (∇u)T). (2.35)

Then we consider an infinitesimal displacement variation du, which corresponds to
the deformation dε. Moreover, it corresponds to a change of the magnetisation d′M′,
where d′ denoted the variation from the point of view of an observer that follows the
material displacement and µ0M′ is the magnetic moment per unit mass defined as

µ0M′ =
µ0M

ρ
. (2.36)

Based on the Maxwell’s equations and the equations of motion (2.33), (2.34), the total
work in the volume V∞ done by the external voltage sources d̄We and by the external
forces d̄Wext can be expressed as

d̄We +d̄Wext =d̄WJ + dEkin + dWs (2.37)

+
∫

V∞

(µ0H · d′M′ + 1
ρ

τ : dε)dm,

where d̄WJ is Joule losses, Ekin is the kinetic energy and : denotes a contracted prod-
uct. Ws is the magnetic self-energy defined as

Ws =
∫

V∞

µ0

2
H2dv. (2.38)

The last term in (2.37) represents the energy which is absorbed by the magnetic de-
formable material. Assuming a reversible process, for the case of non-hysteretic ma-
terials, the energy of such work is a form of free energy Uf defined as

dUf =
∫

V∞

(µ0H · d′M′ + 1
ρ

τ : dε)dm, (2.39)

where the free energy density uf (free energy per unit mass) is defined as

duf = µ0H · d′M′ + 1
ρ

τ : dε. (2.40)
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We can then present the free energy density in terms of the magnetisation M′ and the
strain ε as

uf = uf(M′, ε). (2.41)

The constitutive law for the magnetic field H and the symmetric part of the stress
tensor τ

s can be presented as3

H =
1

µ0

∂uf(M′, ε)

∂M′
, (2.42)

τ
s
= ρ

∂uf(M′, ε)
∂ε

. (2.43)

Based on (2.42) and (2.43), the relation between the magnetic field H and the sym-
metric part of the stress tensor τ

s is coupled, which can be expressed as

∂µ0H
∂ε

=
∂τ

s

ρ∂M′
. (2.44)

We can see that (2.42), (2.43) and (2.44) are equivalent to (2.18), (2.19) and (2.20)
which were presented in §2.5. The variations of stress tensor τ

s as a function of the
magnetisation M′ are equivalent to the variations of magnetostriction strains λ as a
function of applied magnetic field H. Moreover, the variations of the magnetic field
H as a function of strain ε are equivalent to the variations of the magnetic induction B
as a function of the stress σ [30], [28].

2.6.4 Magnetic equivalent forces

Next we make the assumption that the free energy density function uf consists of three
terms as follows

uf(M′, ε) = umag(M′) +
1
ρ

Tms(M′) : ε +
1

2ρ
ε : E : ε, (2.45)

where Tms is a symmetric tensor and E is the elasticity tensor. The first term is inde-
pendent of the strain. The second term is a link between magnetisation and the strain.
The third term is a quadratic function of the strain. The free energy density uf can be
further expressed as follows

uf(M′, ε) = umag(M′) + umstr(M′, ε) + uel(ε), (2.46)

3 The stress tensor τ has a symmetric and antisymmetric part. However, since the the strain ε is
symmetric the contracted product τ : dε does not depend on the antisymmetric part of τ [30], [28].
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which consists of the “magnetostatic energy umag(M′)”, the “magnetostriction energy
umstr(M′, ε)” and the “magnetoelastic energy uel(ε)”.

For isotropic materials the elasticity tensor E only depends on the Young’s elas-
ticity modulus, Poisson’s ratio4 and shear modulus G. The shear modulus itself is a
function of the Young’s elasticity modulus and the Poisson’s ratio defined as

2G =
E

1 + ν
. (2.47)

The mass density ρ is considered as a constant (if εxx + εyy + εzz� 1).
The constitutive law for the magnetic field H (2.42) is then presented as

H̄ =
1

µ0
(

dumag(M′)

dM′
+

∂umstr(M′, ε)

∂M′
) (2.48)

= H̃ +
1

µ0ρ

dTms

dM′
: ε, (2.49)

where ˜ indicates the constitutive law in the undeformed state. The stress tensor τ can
be defined as follows

τ = Tms(M′) + ε : E. (2.50)

According to the equation of linear motion (2.33) and (2.24), the following results:

ρa =∇ · Tmf + f ext +∇ · τ. (2.51)

Based on (2.50), we can define the equivalent stress tensor τ
∗ as follows

τ
∗
= τ − Tms(M′) (2.52)

for which according to the Hooke’s law we have

τ
∗
= ε : E. (2.53)

Back to (2.51), we have the following

ρa =∇ · Tmf + f ext +∇ · Tms +∇ · τ
∗. (2.54)

Further on, we define the “magnetic equivalent stress tensor” T
∗

as the following

T
∗
= Tmf + Tms, (2.55)

4 Poisson’s ratio ν is defined as the negative of transverse to lateral strain (− δεtransverse
δε lateral

). In another
word, if a sample is extended or contracted in the direction of the applied stress (the axial direction),
it contracts or extends in the transverse direction to the applied stress respectively, where the ratio of
the deformations in the two directions is the Poisson’s ratio.



32 MAGNETOSTRICTION AND MAGNETIC FORCES

Then the “magnetic equivalent force density” f
∗

is defined as

f
∗
=∇ · T

∗
=∇ · Tmf +∇ · Tms (2.56)

= f mf +∇ · Tms. (2.57)

Thus, (2.54) can be expressed as

ρa = f
∗
+ f ext +∇ · τ

∗. (2.58)

In (2.51) the stress tensor τ represented all local interactions. In fact, magnetostric-
tion was then represented by a local stress tensor.

We could also define the equation of linear motion slightly different with consid-
ering only the elastic stress, although it would result in the same. To this end, (2.51)
can be presented as follows

ρa =∇ · Tmf + f ext +∇ · τel, (2.59)

where τel is the elastic stress tensor, which according to Hooke’s law is related to the
elastic strain tensor εel as

τel = εel : E. (2.60)

If we then define that in addition to the elastic strain tensor εel, there is also strain due
to the magnetostriction which depends on the magnetic induction B, the total strain
tensor ε is then the sum of the both elastic and magnetostriction strain tensors, as
follows

ε = εel + εms. (2.61)

Replacing εel in (2.60), with (2.61) we have

τel = (ε− εms) : E (2.62)

If we replace ε : E with τ
∗, (2.62) can be re-written as

τel = τ
∗ − εms : E. (2.63)

If we replace the magnetostriction contribution as follows

Tms = −εms : E, (2.64)

in (2.63) will be
τel = τ

∗
+ Tms, (2.65)

which would result in the same as (2.54) [30], [28].
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Figure 2.15: B-H hysteresis loop which is symmetrical around the origin point.

Discussion

The presented method for the computation of the deformation due to the magnetic
forces and magnetostriction is mainly derived from basic elasticity equations. The only
term defined differently is the magnetic equivalent force density f

∗
, which includes

the magnetostriction tensor term. This has been defined based on the work, energy and
constitutive laws.

To the definition of the magnetostriction tensor two different approaches were pro-
posed, which both result in the same equation of motion. This equation is independent
of the symmetric tensor Tms.

2.6.5 Relevance of even harmonics to the magnetostriction strains

Here we consider the case of a unidirectional magnetisation, which means that the
magnetic induction B, the magnetic field H and the magnetostriction λ are all one-
dimensional quantities. Ferromagnetic materials show a permeability which depends
on the field strength (or magnetic induction). Assuming steady state case, the B-H
loop is symmetrical around the origin point as shown in Fig. 2.15. Therefore, for a
non-linear material with hysteresis loops the differential reluctivity will be an even
function. A first order approximation (series expansion) for the reluctivity will show a
term proportional to the square of the induction.

In addition to the reluctivity, the strain ε, the magnetostriction strain λ and the
magnetic force density f mf contain only even harmonics. Regarding the magnetostric-
tion strains, the relevance of the even harmonics can also be explained based on the
microscopic behaviour and the domain structure of the material, discussed in chapter
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2.3. A magnetic domain with a 0◦ angle with respect to the magnetic field shows the
same strain as that of a domain with 180◦ angle with respect to the magnetic field,
although they have opposite magnetisation signs, see Fig. 2.5. This means that the
magnetostriction is independent of the sign of the external field, as long as the di-
rection remains the same. Such relation is always valid, regardless of hysteresis and
saturation of the magnetic material. The behaviour of the magnetic induction B and the
magnetic field H are the same as those of the voltage V and the current I, respectively.
The voltage V and the current I will only contain odd harmonics.

We then assume the case when the relation between the magnetic induction B
and the magnetic field H is linear (a constant reluctivity). We assume the following
relation between the magnetostriction strain λ and the magnetic induction B

λ = λ0 + λ2B2, (2.66)

where λ0 and λ2 are constants, which depend on the material properties. If we as-
sume an applied voltage V, which contains only a single fundamental harmonic, the
current I, the magnetic field H and the magnetic induction B contain only the same
fundamental harmonics. Assuming the following magnetic induction B

B(t) = B̂cos(ωt), ω = 2π f , (2.67)

according to (2.66), where λ ∝ B2 it results in

λ ∝ cos2(ωt) (2.68)

=
1 + cos(2ωt)

2
.

Thus, the magnetostriction strain λ only contains even harmonics of the magnetisation
frequency. For the case of a magnetisation frequency of 50Hz the magnetostriction
strains contain harmonics of 0, 100Hz.

Assuming once again the case of the linear relation between the magnetic induc-
tion B and the magnetic field H, we can now consider an applied voltage V which
contains a fundamental harmonic and odd higher harmonics. In this case, the magnetic
induction B, the magnetic field H and the magnetisation current I would contain also
only odd harmonics. The magnetostriction strain λ would then contain even higher
harmonics.

If the relation between the magnetic induction B and the magnetic field H is non-
linear, even if the applied voltage contains only a fundamental harmonic without any
higher harmonics, the magnetostriction strain λ would contain even higher harmonics.
The presence of the even higher harmonics on the magnetostriction strain is then due
to the nonlinearity.

Assuming again the nonlinear case, if there are odd higher harmonics present in the
applied voltage, the magnetostriction strain λ would contain higher even harmonics.
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The presence of these higher even harmonics can be both due to the higher harmonics
on the applied voltage and due to the nonlinearity of the material.

To conclude, we can say that once a sample is magnetised, the magnetostriction
deformations depend only on the absolute value of the magnetisation and not its sign.
In another word, if we look at the frequency spectrum of the strains, only the even
harmonics are relevant.

2.7. Conclusion

A theoretical background of the work was presented in this chapter. The magnetisation
process and the formation of the magnetic domains based on the minimisation of the
different energy terms were discussed. Thereafter, magnetostriction phenomena was
presented both from microscopic and macroscopic points of view.

For the FE method for the computation of the effects of the magnetic forces and
magnetostriction on the deformation of magnetic cores a continuum model of the ma-
terial was considered. The method is mainly drived based on elasticity equations, for
which a Chu model formulation is considered. The effect of the magnetic forces can
be analytically calculated. For the contribution of the magnetostriction a set of forces
were introduced in order to generate the magnetostriction strains in the material. To
this end, a model of the magnetostrictive behaviour of the core material is required.
The magnetostrictive behaviour of each material needs to be obtained experimentally.
In the next chapter, the magnetostriction strain measurement technique will presented.



36 MAGNETOSTRICTION AND MAGNETIC FORCES



CHAPTER 3

Magnetostriction measurement

3.1. Introduction

As explained in chapter 2, analytical approaches are incapable of determining the
magnetostrictive behaviour of ferromagnetic materials under a random magnetisa-
tion. Thus, several strain measurement techniques have been applied to measure the
magnetostriction strains of ferromagnetic materials. The focus of this work is on the
magnetostrictive behaviour of electrical steels with their application in transformers.
In general the electrical steel samples show deformations in the order of a few mi-
cro meter per meter which for instance compared with the magnetostriction strains
of iron-nickel alloys are significantly smaller1. In addition to the small deformation
scale, the sensitivity of such measurements to any external stress requires an accurate
measurement setup.

In this chapter, first a short overview of the commonly applied techniques for the
magnetostriction strain measurement of electrical steel will be given. Thereafter, the
magnetostriction strain measurement setups which have been developed in EELAB
will be presented. In the past a magnetostriction strain measurement setup was based
on the strain gauge technique. The design of this setup and its advantages and limita-
tions will be overviewed. Although the measurement results obtained by strain gauge
setup proved to be accurate and repeatable, due to some limitations which will be
discussed in this chapter, a new measurement approach was required. To this end,
a new magnetostriction measurement setup was designed and developed during this
PhD work.

After that, the new setup which is based on the laser technique will be concisely
presented. The optical components and their arrangement as well as the magnetic
design of the setup will be discussed. The steering software to control the setup will be

1 Even among electrical steels, the magnetostrictive behaviour strongly depends on the composi-
tion of the material.
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explained too. The measurement results obtained by the laser setup and comparison
with those of the strain gauge setup will be presented in the next chapter.

3.2. Magnetostriction measurement techniques: a literature

overview

3.2.1 Measurements condition

Several techniques have been applied so far to measure the magnetostriction strains
of electrical steel sheets. Before going into a literature review of the applied measure-
ment techniques, first the conditions under which the measurements are performed
will be explained. As reported in §2.5, and in (2.19), the strains highly depend on
the applied magnetic field H, the material composition and also on the application of
an external stress. This means that for the magnetostriction strain measurement of a
sample, several factors significantly affect e.g. the magnetisation waveform type, the
presence of any compressive or tensile stress.

Regarding the magnetisation waveform, to resemble the magnetostrictive be-
haviour of the transformers in their real working conditions, the measurements re-
ported are carried out under a purely sinusoidal magnetisation signal with 50Hz or
60Hz frequency, dependent on the grid frequency of the country. Also some measure-
ments are performed under sinusoidal magnetisation with higher harmonic compo-
nents, as will be discussed in later chapters.

With respect to the applied external stress, setups have been developed to measure
the magnetostrictive behaviour without external stress [18] and setups in which the
sample is under a compressive or tensile stress [31]. The application of the stress is
useful to investigate the magnetostrictive behaviour of the materials for those applica-
tions in which the material is under stress, e.g. transformer cores. Due to the windings
and the assembly of the cores, there is always some stress present. The main purpose
of the clamping is to have a rigid and strong core assembly. However, the cores con-
tain areas of increased stress due to non-uniform clamping forces and temperature
variations across the core, which are inevitable [32].

The focus of this PhD research is on identifying the magnetostrictive behaviour
of nonoriented and grain-oriented electrical steel samples as a function of the applied
magnetic field without external stress. Thus, the setups which have been developed
in the past and during this PhD work are designed so that the sample can deform
without being subjected to friction. After a short overview of the most common mag-
netostriction strain measurement techniques, the setups developed in EELAB will be
presented.
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3.2.2 Measurement techniques

In general, one of the challenges with the magnetostriction measurement setups is the
repeatability of the measurement results. In the productions lines of electrical steels,
the steel plates are often rolled in thin sheets. Given the small thickness of the samples,
which makes them rather light in weight, the magnetisation is followed by vibrations
and movements of the sample. These movements, especially the out-of-plane move-
ments of the sample, reduce the repeatability of the measurements [33].

The most common techniques for the measurement of the magnetostriction strains
of the electrical steel are the following:

• Strain gauge
The strain gauge technique is the most common approach for the magnetostriction
strain measurements. In this method, the strain gauge is attached to the specimen
by a suitable adhesive to make a good contact with the specimen. Once the spec-
imen is magnetised, the magnetostriction strains deform the conductor inside the
gauge, which is a metallic foil pattern. As a result, the electrical resistance of the
metallic conductor changes. Based on the resistance change, the magnetostriction
strains of the samples are obtained by a quantity known as the gauge factor KGF

KGF =
∆R/R
∆l/l

(3.1)

where R and ∆R refer to the resistance and the resistance change of the conductor
and l and ∆l refer to the length and the length change of the strain gauge in the
x-direction shown in Fig. 3.1.

Figure 3.1: A strain gauge with one measuring grid for one-dimensional strain measurements [18].

Strain gauges with more than one measuring grid (multiple channels) are
available on the market, which thus allows measurements along more than one
direction, as reported by Hilgert et al. [18] and Wakabayashi et al. [34]. To this
end, the strain gauges are suitable especially for measuring the magnetostriction
strains under rotational magnetisation, since they can measure strain along
different angles. Such measurements are particularly useful for measurements
of the magnetostrictive behaviour of the materials of electrical machine cores
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with a rotational magnetic flux pattern. To this end, the strains in different angles
with respect to the magnetisation direction can be easily measured as reported by
Somkun et al. [35], [36].

• Piezo-electric
Another strain measurement technique applied for the magnetostriction measure-
ment is based on piezo-electric materials. This technique also requires some con-
tact with the specimen. Piezo-electric materials are crystals or ceramic materials
which, when exposed to a mechanical stress build up an electric charge. The value
of this electric charge is proportional to the applied stress. In piezo-electric ac-
celerometers, the generated electric charge is proportional to the acceleration. The
displacement of the sample is then obtained by a double integration of the acceler-
ation. The magnetostriction strains are then the fractional ratio of the displacement
and the original length of the sample.

In the literature, Anderson et al. and Fonteyn have reported setups to measure
the magnetostriction strains based on the piezo-electric accelerometer tech-
nique [31], [37]. In the setup reported by Anderson et al., the Epstein samples
are placed under a uni-axial stress which their pressure is controlled by electro-
pneumatic values. An external stress in the range of±10MPa can be applied to the
sample. The acceleration of the magnetised specimen is then measured by using
two piezo-electric accelerometers and these signals are further post-processed in a
PC based program to calculate the magnetostriction strains.

• Laser
The optical approaches have the benefit of non-contact measurements which, con-
sidering the sensitivity of magnetostriction, can improve the accuracy of the mea-
surements significantly. Laser setups belong to this class of optical approaches.
They are increasingly applied for the magnetostriction strain measurements.

Nakata et al. have reported one of the first setups based on a laser doppler
vibrometer [38] in 1994. The sample size is reported as 50cm×10cm with a mea-
surement length of 17cm. The sample is placed on a single-yoke and a thin layer
of glass-epoxy is placed on top of it. The setup is then placed on a car tube in
order to reduce the effect of any external vibrations. Later, this setup was further
studied by Nakase et al. and the accuracy of the measurements was re-investigated
by a closed magnetic path (a closed type of SST) [39]. To improve the accuracy
of the measurements even more an open magnetic path was suggested [40]. A
comparison between the magnetostriction strain measurements by using a laser
doppler vibrometer and a laser displacement meter was reported later [41]. The
results showed a good agreement between the two, except for low magnetic flux
densities.

There are also some commercial magnetostriction strain measurement setups
based on laser technique available in the market e.g. the setup of INTERMAGNET
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Dr. Janosi [42] and Brockhaus measurements. The setup of INTERMAGNET Dr.
Janosi is based on a laser displacement meter technique, while the Brockhaus setup
has a laser vibrometer technique. In both setups the measurements are performed
on a small reflecting surface which is mounted on the edge of the sample. A picture
of the Brockhaus setup is shown in Fig. 3.2. Due to the out-of-plane vibrations of
the sample the repeatability and the accuracy of the measurement results can be
affected. Further on, in §3.5.2 the measurement principle of these setups will be
compared with the laser setup developed in EELAB.

Reflecting surface

Sample
Laser head

Figure 3.2: Magnetostriction measurement setup of Brockhaus measurements.

The International Electrotechnical Commission (IEC) released a report in 2010
regarding the general principles and technical details of the magnetostriction mea-
surement of single sheet specimens and Epstein strip specimens [43]. The standard
focuses on measurements by means of optical sensors and accelerometers. For single
sheet specimens the intended sample size is preferred to be 50cm long and 10cm wide.
The measurement results obtained by the setups developed in EELAB have not been
compared with the IEC standards report. The difference among the setups and condi-
tion under which the measurements were performed do not allow a valid comparison.
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3.3. General principles of the setups developed in EELAB

In this section, the general principles of the magnetostriction strain measurement se-
tups developed in EELAB in the past and during this PhD study will be presented. The
magnetisation condition, the magnetic flux path as well as the measurement approach
will be explained. The designed setups are aimed at measuring the behaviour of elec-
trical steel samples (Si-Fe) with deformations in the range of micro meter per meter
length [µm/m]. Such measurement scale once again highlights the importance of an
accurate setup. The setup developed in the past was based on the strain gauge tech-
nique and the setup developed during this PhD work is based on the laser technique.
After introducing the general measurement principles, the two measurement setups
will be presented in the next sections.

3.3.1 Magnetisation and measurement

• Unidirectional magnetisation
In the framework of this research the measurements are performed under unidi-
rectional excitation. With unidirectional excitation we mean that the time varying
magnetic field is applied to the sample in one direction. For grain-oriented
materials with application in transformers which is the focus of this research, the
magnetic flux is almost always unidirectional along the transformer legs2. Also
for the nonoriented materials, considering the isotropic properties3, the response
of the material to the magnetisation in one direction is similar to that under
magnetisations at different directions. Thus, an unidirectional magnetisation
can be sufficient to determine the magnetostrictive behaviour of electrical steel
samples whether oriented or non-oriented.

• Closed magnetic circuit
The area closed by the magnetic flux lines φ forms a magnetic circuit. A closed
magnetic circuit refers to the case when the magnetic flux forms the closed loop
entirely within a magnetic material. In this case, the magnetic material should
have a high magnetic permeability. On the other hand, an open magnetic circuit
refers to the case when the magnetic flux forms part of the closed loop thorough
a magnetic material and the rest goes through a non-magnetic material, e.g. air.
In an open magnetic circuit, compared to a closed one, a higher magnetisation
field H is required to obtain the same magnetic induction B level. The reason
is that the reluctance of the path will be higher and more stray fields will be
present. In addition, the magnetic induction B may not be uniform everywhere
along the magnetic circuit in the case of an open magnetic circuit. As a result,

2 Except in the joint corners where the flux travels from one leg to another.
3 There exists always some degree of anisotropy. However, nonoriented materials compared to

the grain-oriented materials are regarded as isotropic.
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the measurement of the magnetic induction B would have some uncertainty. Both
the measurement setups developed in EELAB have a closed magnetic flux path
(obtained by means of the SST method), which will be shortly explained.

• Single Sheet Tester (SST)
In the SST approach, a closed magnetic flux path is ensured by means of two yokes,
which have a low reluctance and high magnetic permeability. The sample is then
placed between the two yokes, so that once the sample is magnetised, the magnetic
flux forms a closed path through the two yokes. According to the IEC standards,
the sample size in the SST should be 50cm×50cm or larger [44]. However, smaller
SSTs are comparable in accuracy and are often used especially because of a prac-
tical point of view as the components for the magnetic measurements are smaller.
Indeed, a magnetisation coil must be wound around the sample, which is placed
between the two yokes, to magnetise it, as shown in Fig. 3.3.

Single sheet of ferromagnetic materialClosing yokes

Excitation coil B search coil

Figure 3.3: Schematic depiction of the magnetic measurement circuit with the SST method, in
which the sample is embraced between two yokes with high magnetic permeability to provide a
closed magnetic flux path. The magnetisation winding is wound around the sample and for the mag-
netic induction B measurement a search coil is also wound around the sample.

The SST measurement enables establishing a uniform magnetic flux along the
sample, as shown in Fig. 3.4(a). The closing yokes avoid generation of the mag-
netic forces along the magnetic path length of the sample, which is the length
closed by the inner sides of the yokes, as shown in Fig. 3.4(b). The magnetic
forces exist on the sample sides where the yokes are placed on. However, since
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these corners are out of the measuring length of the sample the presence of such
forces are negligible. To this end, along the measurement length of the sample the
only force present is due to the magnetostriction of the sample. This is necessary
for the computation method which has been explained in chapter 2, considering
the Chu model formulation.

Figure 3.4: The sample in SST a) distribution of the uniform magnetic flux along the sample b)
the presence of the magnetic forces only on the corners of the samples which are in contact with the
yokes [18].

3.3.2 Setup scheme

The general principle of the magnetostriction measurement setups is shown in Fig.
3.5. The setup is fully steered from software programs written in LabVIEW version
8.5. By using a data-acquisition card (DAQ), which is plugged in the PC, analog-to-
digital and digital-to-analog signal conversions are performed through a PXI platform.
The LabVIEW user interface provides the possibility for the user to choose the signal
type (e.g. sinusoidal), its frequency, amplitude and all the other parameters. Once a
digital magnetisation waveform is generated in the LabVIEW user interface, it is first
converted to analog and then amplified by using a power amplifier. The amplified
signal is sent to the magnetisation coil in the SST. The magnetic induction B, the
magnetic field H and the magnetostriction velocity signals are then measured. After
analog signal processing, all the measured signals are converted to digital and sent
back to the PC. All the signal calculations, post-processing and the visualisation of
the signals are further processed in the LabVIEW software.
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Figure 3.5: Schematic depiction of the magnetostriction measurement setups developed in EELAB.

3.3.3 Magnetic induction B measurement

The search coil method and the needle-probe method are common approaches to mea-
sure the magnetic induction B induced in a magnetic sample. The former method is
used throughout this work. The search coil should feel the same flux φ as the sam-
ple and should therefore be placed as close as possible to the sample. If possible it is
wound directly around it to avoid measurement errors.

Based on Faraday law, the induced voltage in the search coil Vsc is proportional
to the time varying magnetic flux variation ( dφsc(t)

dt ) passing through the coil and the
number of the turns of the search coil nsc, as

Vsc(t) = −nsc
dφsc(t)

dt
. (3.2)

The induced flux density Bsc in the coil is the ratio of the flux φsc over the magnetic
cross section Asc of the sample. This means that we can calculate the flux density Bsc
from the measured voltage over the search coil, as follows

Bsc(t) = −
1

Ascnsc

∫
Vsc dt (3.3)

To this end, the voltage measured over the search coil Vsc is integrated by an ana-
log electronic integrator board. The output of the integrator Vint gives the following
voltage

Vint(t) = −
1

RC

∫
Vsc dt (3.4)

where R and C are a resistance and capacitance of the integrator board, the values of
which are selected based on the measurement range. The RC combination are adjusted
to give a gain of at least 102, in order to improve the accuracy of the analog signal
before sending to the PC.
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In the last step, once the integrated voltage Vint is sent to the PC it is divided by the
magnetic cross section Asc and the number of turns of the search coil nsc, according
to the 3.3, and the magnetic induction Bsc is obtained.

3.3.4 Effective magnetic field H measurement

The effective magnetic field H is measured either directly or indirectly. With the di-
rect method, by using an H-sensor a local measurement of the magnetic field at the
air gap close to the sample is performed. The effective magnetic field at the sample
is determined then, knowing that the tangential component of the magnetic field is
continuous across the sample and the air gap.

The approach used throughout this work is the indirect effective magnetic field
measurement, as is common with the SST method. In fact, the effective magnetic field
is calculated by knowing the magnetisation current. According to Ampère’s law, if we
have a current I going through the magnetisation winding with nmw turns in a closed
magnetic circuit with a magnetic path length of lmpl, the effective magnetic field is

H(t) =
nmw

lmpl
I(t) (3.5)

3.4. The magnetostriction measurement setup using strain gauges

The magnetostriction strain measurement setup developed in the past will be described
in this section. As explained in §3.3.2, the setup is PC based and fully controlled
through the LabVIEW software. The PC generated magnetisation waveform is first
amplified and then sent to the excitation coil. The magnetostriction strains of the sam-
ple are measured by means of the strain gauges which are attached to the sample on
the top and on the bottom. The strain gauges have two channels and are attached so
that they measure the strains in the direction parallel (λ‖) and perpendicular (λ⊥) to
the magnetisation direction simultaneously. The measurements are performed under
no external stress and only as a function of the magnetic induction B[T]. To this end,
a tiny air gap is provided on the sample sides to avoid the weight pressure of the top
yoke on the sample. Any friction between the sample and the bottom yoke is elim-
inated by using Teflon tapes. The measured magnetostriction strains along with the
magnetic induction B and the magnetic field H signals are sent to the PC. Since the
strain gauges measure locally, where the gauges are attached, in fact even small sam-
ples are sufficient. The sample size for the SST designed for this setup is 6cm×8cm
large. A schematic of this setup is shown in Fig. 3.6.

An overview on the performance of this strain gauge setup, the advantages and the
limitations of this setup are discussed further on.
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Figure 3.6: A schematic of the magnetostriction strain measurement setup based on the strain gauge
technique.

3.4.1 The strain gauge setup advantages and limitations

The measurement results obtained by the strain gauge setup proved to be accurate and
repeatable. Measurement results under a wide range of frequencies and amplitudes are
reported in [18]. Another advantage of this setup is the possibility of two-dimensional
magnetostriction measurements under a uni-directional magnetisation. Once a sample
is placed in the SST, the strains in two directions, in parallel with and perpendicular
to the magnetisation direction (λ‖, λ⊥), are simultaneously measured, which makes
it rather easy and fast for the user.

On the one hand, the full contact of the strain gauges with the sample is advanta-
geous because it results in repeatable measurements. On the other hand, if the gauges
are not well attached to the sample, they may not follow the magnetostrictive strains
of the sample well, which in turn causes measurement errors. To this end, for the mea-
surements with this setup in EELAB, for a proper attachment of the strain gauges,
the coating of the samples has been partially removed. However, the magnetostrictive
behaviour of a coated sample of electrical steel is different from that of the non-coated
one, especially in the case of grain-oriented materials. In fact, the magnetostrictive
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behaviour of coated samples, as they are used as such for transformers and electrical
machines cores, are of interest to us. Thus, the major limitation of the strain gauge
setup is the inability to measure the behaviour of coated samples.

In addition, the sample preparation itself demands a lot of expertise, i.e. for re-
moving the coating and attaching the strain gauges. Moreover, the measured strain
signals must be filtered to eliminate the noise. To this end, several noise filters were
programmed in the LabVIEW software. The measurements under low magnetic exci-
tations (B ≤0.8[T]) showed a lot of noise even after filtering. However, since for the
application of the transformers, the magnetisation amplitude is higher that that (nor-
mally within the range of 1.2-1.4[T]), this problem at low excitations is not crucial.

3.4.2 Motivations for a new magnetostriction strain measurement setup

Considering the limitations of the strain gauge setup, there was a need to develop a
new measurement method. Since the main cause of the limitations of the strain gauge
setup was due to the contact of the strain gauges with the sample, a non-contact ap-
proach was preferred for the new setup. Lasers are commonly used for strain measure-
ment, and since they do not require any contacts with the sample they could help to
overcome the limitations of the strain gauge setup. Regarding the increasingly grow-
ing technologies of the laser vibration sensors which are designed for a vast amount
of different applications and various measurement ranges e.g. [45], [46], such sen-
sors are suitable candidates for the new setup. Moreover, they are compact, offer a
user-friendly interface and provide high resolutions.

There are different types of vibrometers, such as: single-point, scanning and spe-
cial vibrometers (e.g. for torsional vibration measurements). The measurement prin-
ciples of a single-point vibrometer and scanning vibrometer are shown in Fig. 3.7.
For the magnetostriction strain measurement, a single-point vibrometer is sufficient
to measure the vibration at a single-point on an sample’s surface. Polytec Industrial
Vibrometer Sensor (IVS200) was chosen for our new magnetostriction strain measure-
ment setup, which will be explained further on. Later on, in chapter 6 a Polytec laser
scanning vibrometer is applied for the vibration measurement of a real transformer
core.

3.5. The magnetostriction measurement setup using laser vibrome-

ters

3.5.1 Principle of the Polytec Industrial Vibrometer Sensor (IVS200)

The IVS200 vibrometers are sensitive compact devices for non-contact vibration mea-
surements. The optics and signal processing units are integrated inside the housing.
Due to a non-contact approach, they do not mass load the vibrating object, which is an
advantage for strain measurements. Moreover, the natural stiffness and damping of the
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(a) (b)

Figure 3.7: The measurement principle of (a) single-point vibrometer, (b) scanning vibrometer,
where the red arrows show the laser signal and the black arrow show the direction of the movement
of the object.

object do not change because of the measurement. The IVS belong to a type of Laser
Doppler Vibrometers (LDV) which measures the instantaneous vibrational velocity
of the object according to the heterodyne interferometer principle. The advantage of
the heterodyne detection is that velocity is measured, not displacement: this makes
the setup insensitive to slow motions caused by for instance thermal expansion of the
sample. The beam of a helium neon laser is pointed at the vibrating object and then
scattered back from it. A Doppler frequency shift of the back scattered light is demod-
ulated to measure the velocity component. The Doppler frequency shift is described
as

fD = 2 · |vobject|/λlaser (3.6)

where vobject is the moving object’s relative velocity (with respect to the laser) and
λlaser is the laser wavelength. To calculate the velocity of the vibration, the (Doppler-)
frequency shift should be performed at a known wavelength. In the sequel, the tech-
niques behind the IVS200 vibrometer will be explained into some more detail.

Doppler effect

The Doppler effect is basically the frequency change of a wave for an observer relative
to its source. A good example is the sound heard from a siren of a police car or an am-
bulance. The generated sound to an observer has a higher frequency when the vehicle
comes closer, and a lower frequency when it drives away. Fig. 3.8, shows the effect
when the source is moving to the left side. Once a wave is generated, the source moves
to the left before it generates the second wave and as a result, the generated waves in
front of the source are pressed together. The opposite happens to the waves behind the
source which means that they are more apart or in another word, they have a lower fre-
quency. This effect can be expressed in the following equation in a more general way
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for a moving observer or a moving source or both. The relationship between observed
frequency fobserver and the emitted frequency femitted is given by

Figure 3.8: Doppler effect for a source moving to the left direction which as a result the waves in
front of it are pressed together and the waves behind are far a part.

fobserver =
c± vobserver
c± vsource

femitted (3.7)

where vobserver and vsource are the velocity of the observer and the source respectively.
The variable c is the propagation velocity of the wave. The direction of movement of
the observer and the source are indicated by the plus and minus sign. The source
velocity vsource is subtracted if it moves toward the observer and added if it moves
away. The observer velocity vobserver is subtracted if the observer moves away from
the source and added if it gets closer.

For waves which need a medium (such as sound waves), the relative motion of
observer and source with respect to the medium also needs to be taken into account.
Since electromagnetic waves do not need a medium, this effect does not need to be
taken into account, and a simple equation is obtained which only depends on the rela-
tive motion between source and observer.

Heterodyne interferometry

In general, interferometry refers to techniques to extract information of superimposed
waves. In a heterodyne interferometer design, as shown in Fig. 3.9, the laser beam
is first split in two beams, called reference beam and test beam. The test beam then
passes through a second beam splitter and points at the vibrating object. Due to the
Doppler effect the vibration of the object adds a Doppler shift to the frequency of
the beam. After that the beam travels back to the second beam splitter and then goes
through a third splitter, where it combines with the reference frequency. The combined
beam reaches then a photo detector where they interfere. Due to the frequency differ-
ence between the two beams, a Frequency Modulated (FM) signal is generated. A
demodulation of the FM signal delivers a signal which is proportional to the velocity
of the vibrating object.
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Since the Doppler frequency shift depends on the absolute value of the object ve-
locity, as shown in 3.6, it is not possible to detect the direction of the object movement.
The object moving away from the interferometer generates the same interference pat-
tern (and frequency shift) as an object moving towards the interferometer. In order to
detect the direction without any ambiguity, one of the interferometer beams needs to
be shifted by a certain frequency that is higher than the maximum possible Doppler
shift. To this end, an acousto-optic modulator (Bragg cell) is placed in one of the
beams. The Bragg cell shifts the light frequency by a frequency fB which is 70MHz
for IVS200. As a result, it generates a modulation frequency of 70MHz when the
object is at rest. In this way, when the object moves toward the interferometer, this
modulation frequency is reduced and if it moves away from the vibrometer, the modu-
lation frequency is increased (more than 70MHz). As a result, not only the amplitude
but also the direction of the movement can be easily defined [47], [48].

Because the Bragg cell causes a fixed frequency shift of one of the beams (about
70MHz, as compared to the terahertz frequency of the optical carrier signal), a beat
signal of that frequency is obtained on the detector when both beams interfere. If now
the object moves, the probe beam gets an additional frequency shift due to the Doppler
effect, which leads to a frequency modulation of the beat signal. If the object moves
towards the vibrometer, the frequency of the beat signal increases, when the object
moves away the beat signal decreases in frequency. The magnitude of the frequency
change is linearly proportional to the object velocity in the direction of the probe
beam. To obtain the velocity signal, the electrical signal of the photo detector is FM-
demodulated. This delivers an electrical output signal which is linearly proportional
to object velocity. When the amount of reflected light changes over time, the signal
to noise ratio of the velocity signal may change, but the velocity calibration remains
unaffected, which is a major advantage over homodyne interferometry techniques.

Figure 3.9: schematic of the optical arrangement of a heterodyne vibrometer. M is a mirror, BS is
a beam-splitter, PBS is a polarising beam-splitter, L is a laser, QWP is a quarter-wave plate, PD is
a photo detector, T is a telescopic lens array, and BC is a Bragg cell.
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Laser resolution

Resolution, i.e. the smallest detectable magnitude of the desired measurement quan-
tity, is a crucial parameter in laser vibrometry. In this work, the IVS200 vibrometers
are adjusted for a measurement range (scaling factor) of 5mm/s/V with a full scale
(peak) velocity of 20mm/s and the resolution of 1 µm/s for a bandwidth of 10Hz4.
The time length of the measurements for the setup is 20ms.

3.5.2 The setup design

Laser beams path

Dual heterodyne laser vibrometers sensors are applied in the setup to measure the
magnetostriction strains of the sample. To this end, two tiny pieces of aluminum
(5mm×5mm) are attached on the sample as mirrors to point the laser beam on. Alu-
minum has the advantage of low weight and non-magnetic properties, which as a result
does not interfere the measurement accuracy. In the early design of the setups, the two
aluminum pieces were placed in front of each other, each on one side of the sample,
as shown in Fig. 3.10(a) [49], [50]. The distance l between the two mirrors M was
then the measurement length of the sample. The difference between the velocity sig-
nals of the two vibrometers delivered the relative length change of the sample, e.g.
the magnetostriction strains. However, due to the out-of-plane vibrations of the mag-
netised sample, the measurement results were unstable. Such approach is similar to
that of the setup of INTERMAGNET Dr. Janosi and the setup of Brockhaus measure-
ments. With a non-contact magnetostriction measurement technique the challenge is
to achieve high accuracy and repeatability despite the sample vibrations. In fact, in
this way the accuracy of the measurements can be affected by the vibrations of the
sample.

Therefore the setup was adapted so that these mirrors were attached on the top and
bottom sides of the sample at the end of the measurement length, while the sample
was clamped on the other side of the measurement length. In this case, in fact the
measurement length of the sample is the distance from the clamp side to the mirror side
of the sample, as shown in Fig. 3.10(b). Knowing that the sample does not move on the
clamped side, the average velocity of the two measured signals is used to calculate the
deformation [51]. Moreover, with this arrangement of the mirrors if the magnetised
sample slightly bends then one mirror moves toward and the other one moves far from
the laser head. However, since the average of both velocities is calculated, the effect
of the bending is canceled out. So only the true magnetostriction effect is measured.

4 The resolution is defined as the signal amplitude (rms) at which the signal-to-noise ratio is 0dB
in a 10Hz spectral bandwidth (RBW), measured on 3M Scotchlite Tape [48].
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Figure 3.10: A sample with two mirrors attached on it where the laser beams are pointed. M stands
for mirror and l stands for the measurement length of the sample, (a) the early design which turned
out to be unrepeatable due to the out-of-plane vibrations (b) the adapted approach to cancel out the
out-of-plane vibrations of the sample.

The SST and the sample placement

The size of the sample and the SST of the strain gauge setup was rather small
(8cm×6cm). Since the strain gauges measure locally, the sample size does not in-
terfere with the measurement accuracy. However, for the laser setup the sensitivity
of the measurements is proportional to the size of the sample and the measurement
length [17]. In fact, on the one hand a longer measurement length results in a higher
measurement accuracy. On the other hand, once the measurement length is too long,
the out-of-plane movements of the sample grow and decrease the measurement accu-
racy. To this end, different SST sizes have been tried out and an optimal size was
selected for the setup. The new SST is larger than that of the strain gauge setup
(17cm×17cm). The yokes are built from laminations with a high magnetic perme-
ability to ensure a uniform magnetic flux in the sample.

With this setup the measurement of the magnetostriction strain of the sample is
possible for one direction (at a time). In order to measure two-dimensional magne-
tostriction strains of the sample (λ‖, λ⊥), the SST needs to be turned 90◦ with respect
to the laser beams. To this end, the yokes need to be placed in the setup so that for
instance for the measurements of the parallel strains λ‖ the beams reach the mirrors
attached in that direction. Fig. 3.11 shows a top view of a sample and how it is placed
on the bottom yoke in the SST. If the SST is placed so that the lasers measure the per-
pendicular magnetostriction strains λ⊥, there is no problem for the beams to reach the
mirrors, which are attached on the sample. However, for the parallel magnetostriction
strains λ‖ the laser beams need to pass through the yokes to reach the mirrors. To this
end, two small holes are drilled on the yokes for the laser beam paths.

Since the drilled holes are very small compared to the size of the SST, the fringing
flux because of the holes is small and negligible. For any measurement direction, the
top yoke on the side of the mirrors is slightly lifted up to provide sufficient space for
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Figure 3.11: The measurement length and the laser beam path for a two dimensional magnetostric-
tion strain measurement (λ‖, λ⊥) of a sample.

the sample to vibrate. Otherwise, the weight of the yoke works as an external stress
and affects the measurement results.

The optical arrangement of the setup

The complete optical arrangement of the setup is shown in Fig. 3.12, showing the
SST (without the top yoke) and the two laser vibrometers. The red lines show the
laser beam paths to reach the two tiny aluminum pieces which are attached on the
sample. The polarising beam splitter reflects one polarisation and transmits the other.
As both lasers have the same polarisation direction, a half-wave plate is used to rotate
the polarisation direction over 90◦ in one beam, so that it will be reflected by the
beamsplitter. In this way the two laser beams can be combined very close and parallel
to each other. Moreover, when the light is reflected by the object, each polarisation
will again travel to its matching vibrometer, this preventing crosstalk between the two
measurement channels. In a top view, as shown in Fig. 3.12, one might think that the
beams leaving the cube in fact fall on each other. However, a side view would show
that they are pointed at the two aluminum mirrors at different heights.

The idea is to have the beams from the lasers start at the same distance above or
below the specimen, so that they are under the same angle. Once the beams reach
the sample, if they are exactly retro-reflected, they follow the same path back to the
vibrometer. However, considering that the two aluminum pieces may be tilted a bit,
the reflections may not completely reach the vibrometers. In order to make sure that
the reflections are received by the vibrometers, retro-reflective tapes are attached on
the aluminum pieces. Such tape reflects the light in a broader angle which thus covers
the mis-alignment of the aluminum pieces.
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All these components are placed on an optical table, with a flat surface and interior
honeycomb design. Such a table is designed for maximum stiffness and has an internal
damping mechanism to minimise the effects of vibrations on the table surface. As the
coherence length of the lasers is limited, the interference signal will be optimal with
certain stand-off distances of the object from the laser source. The intensity can give a
maximum visibility if the optical path is an even-numbered multiple of the laser cavity
length (138mm). The optimal stand-off distances of the IVS200 are as follows

96mm + n.138mm, n = 0,1,2, .. (3.8)

For the installation of the mirrors and lasers and the SST position, the stand-off dis-
tance is taken into account to reach an optimal accuracy of the lasers [48].

Figure 3.12: A honeycomb table, the SST and the lasers which their beams first reflect on the
mirrors and then one passes through a half-wave-plate to rotate the polarisation. After that, both
beams reach a cube in order to point on the two aluminum pieces which are attached on the sample.

The overall design of the setup

A general schematic of the magnetostriction strain measurement setup using dual het-
erodyne laser vibrometers is shown in Fig. 3.13. Similar to the strain gauge setup, a
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PC-generated magnetisation waveform is first amplified and then sent to the magneti-
sation coil in the SST. The vibrational velocity signals of the magnetostriction strains
of the sample are measured by using the laser vibrometers and sent back to the PC. In
addition to the velocities, the magnetic induction B and the magnetic field H signals
are measured.

The amplifier is a linear BOP (bipolar) DC power supply which has two control
channels: voltage mode and current mode (36V and 12A). Depending on the amplifier
mode, the magnetisation waveform is a current or a voltage signal. Further on, the
LabVIEW programs for each magnetisation mode and the control algorithms will be
explained.

Figure 3.13: A schematic of the magnetostriction strain measurement setup based on the heterodyne
laser vibrometer technique.

3.5.3 The LabVIEW programming

The setup controlling programs are performed in LabVIEW software version 8.5 . Two
sets of programs are developed depending on the voltage or current magnetisation
waveform, hereafter named as voltage-mode and current-mode, respectively. Since
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the magnetostriction strains are directly related to the magnetisation waveform5, the
essence of the signal generation programs is to generate the desired magnetic induc-
tion B in the samples (e.g. if a sinusoidal magnetisation is desired, make sure that the
induced induction in the sample is sinusoidal).

In addition, for the post-processing of the signals the LabVIEW programs are very
useful. Since the magnetostriction strains are very small in amplitude, electromagnetic
interferences can distort the actual electrical signal of the strain measurements. For
the elimination of these electromagnetic interferences, a digital filtering is applied
in the LabVIEW programs. In fact once a sample is magnetised, in the steady state
only the even harmonics are relevant to the magnetostriction strains, see §2.6.5. Thus,
all odd harmonics of the frequency of the applied magnetic field are removed from
the spectrum of the measured strain signals by performing a Fast Fourier Transform
(FFT) and reconstructing a time pattern by means of an Inverse Fast Fourier Transform
(IFFT) of the even harmonics only [18], [52].

The algorithms of the programs to magnetise the samples will be overviewed here.
For simplicity, only the case of a purely sinusoidal magnetisation will be explained.
However, the programs are able to generate other magnetisation waveforms and even
with higher harmonic components.

The voltage-mode magnetisation

In principle, the induced e.m.f. E is proportional to the magnetic induction B i.e. (V ∼
dB(t)

dt ), and thus the signal generation should be quite easy with the voltage mode.

However, the voltage at the terminals not only contains the inductance (EL ∼ L di(t)
dt )

but also the resistance drops. To this end, a LabVIEW program will compensate the
voltage drop over the resistances. The amplitude of the desired voltage, which will be
used to calculate the magnetic induction over the inductance, is as follows

| E
EL
| =

√
(R2

sum + (Lcoilω)2)

Lcoilω
(3.9)

φ = tan−1 Rsum

Lcoilω
(3.10)

where pulsation ω is 2π f , and Rsum is the sum of the resistances i.e. resistance of
the excitation coil Rcoil and resistance of the connecting cables Rcables. So to have
EL cos(ωt) over the inductance a magnetization signal of Ecos(ωt− φ) needs to be
generated (over the sum of the inductance and the resistances). To generate a mag-
netisation waveform with a higher harmonic component, (3.9) and (3.10) should be
calculated separately for each harmonic and then added up. For instance, for the case

5 In fact the magnetostriction strains depend on the magnetic flux density B induced in the mate-
rial and not the magnetic field H.
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of a sinusoidal magnetisation with a third harmonic, the final magnetisation waveform
is the sum of the fundamental and the third harmonic.

On the other hand, when the inductance Lcoil goes to saturation the magnetic field
H and thus the magnetising current I are not sinusoidal any more (when the magnetic
induction B is to remain sinusoidal). If H and I are not sinusoidal, the voltage drop
over the resistances is not any more sinusoidal. Using a feedback of the observed
shape of B, the sinusoidal character of B can be preserved. However, since we did not
operate in the saturation region of the samples, the shape of the voltage waveform was
not significantly affected.

A plot of the voltage-mode LabVIEW interface showing the measured magnetic
induction B, magnetic field H and the magnetostriction strain λ‖ is presented in Fig.
3.14. The B-H loop and the B-λ‖ butterfly as well as the amplitude spectrum magni-
tude of the strains in the frequency domain are presented also.

The current-mode magnetisation

The magnetisation signal generation under the current-mode requires more steps than
that of the voltage mode. In fact, the current signal I is proportional to the magnetic
field H, based on the Ampère’s law(

∮
H̄ · dL̄ = nI). However, since the B-H rela-

tionship is nonlinear and shows hysteresis, the induced magnetic induction B in the
sample thus differs from what the user has generated in the PC. Once again assuming
purely sinusoidal magnetisation waveform, the measured magnetic induction B has a
slightly different amplitude and form than that of the desired sinusoidal waveform.
A feedback control algorithm is programmed in the LabVIEW software to iteratively
correct the magnetisation waveform in order to obtain the correct magnetic induction,
in both amplitude and shape [53]. A flow chart of the complete process to magnetise
the sample and iteratively feedback control is shown in Fig. 3.18, and will be discussed
after.

The software programmed in LabVIEW contains three sub-programs such as: a
single measurement, amplitude and form control. We will describe it here with a
purely sinusoidal magnetisation waveform, however, it works for every signal type.

1- Single measurement:
� Start from a wanted magnetic induction with a sinusoidal shape, so-called the

B wanted (Bw)
� Based on the anhysteretic B-H curve of the material (e.g. Fig. 3.15) and the Bw

defined by the user, generate the wanted magnetic field (Hw)(e.g. Fig. 3.16)
� According to the Ampère’s law and knowing the magnetic path length and the

number of the turns of the excitation coil, calculate the current signal I
� Send the current I and measure the magnetic induction and magnetic field

response of the material, so-called B measured (Bm) and the H measured (Hm)

2- Amplitude control:
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Figure 3.14: A plot of the voltage-mode LabVIEW window demonstrating: the measured magnetic
induction B (top left), magnetostriction strain λ‖ (top right), the magnetic field H (middle left), the
amplitude spectrum of the strains in the frequency domain (middle right), the B-H loop (bottom left)
and the B-λ‖ butterfly loop (bottom right).

� Shift Bm and Hm to bring them in phase with the Bw which starts from a zero
rising phase, as shown in Fig. 3.18

� Calculate the deviation of the peak value of the Bw with that of the Bm, so-
called the amplitude deviation εamp

εamp = Bwpeak − Bmpeak (3.11)

� If the εamp is smaller than an amplitude difference goal, selected by the user,
then there is no need for the amplitude control. Otherwise, based on the previ-
ous magnetic field Hw, generate a new magnetic field signal Hwnew according
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Figure 3.15: An anhysteretic B-H data of the material.

Figure 3.16: The magnetic induction B signal defined by the user and the corresponding magnetic
field H which is generated based on the B and the anhysteretic B-H data of the material.

to
Hwnew = (1 + Kpεamp)Hw (3.12)
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where Kp is a linear control variable defined by the user. Then, generate the
corresponding magnetising current I and measure the response of the material
(Bm and Hm) and go through the amplitude control again.

3- Form control:

� Generate a sub-array of the Bm and Bw which contains only the data of the
falling branch of the waveforms from the positive peak to the negative peak.
For a signal with 1000 samples per period, the sub-array has then 500 samples.
Fig. 3.17 shows the complete waveform of a Bm (solid line) and Bw (dashed
line) and the sub-arrays.

� Calculate the sum of the form deviations of each array element of the sub-array
of the Bm compared to that of the sub-array of Bw, so-called the form deviation
εform

εform =
500

∑
i=1
|Bw(i)− Bm(i)| (3.13)

� If the εform is smaller than the form difference goal, selected by the user, then
there is no need for the form control. Otherwise, for every index i and the
corresponding array element of the Bw,i find the array index x of the Bm for
which its array element has the smallest difference, as

|Bw(i)− Bm(x)| = min (3.14)

f or i = 1 : 500

� Re-arrange the sub-array of Hm waveforms according to the x indexes found
in the previous step. Once again for a sub-array of 500 samples, the re-arranged
Hm∗ is as

Hm∗(i) = Hm(x) (3.15)

f or i = 1 : 500

� Construct a complete period of the re-arranged Hm∗full
(array concatenation)

where the first quadrant of the complete arrays are the negative of the second
half of the sub-arrays. The second and the third quadrants of the complete
arrays are the re-arranged sub-arrays. The last quadrant of the complete arrays
are the negative of the first half of the sub-arrays.

Hm∗full
= [−Hm∗(250 : 500)]U[Hm∗(1 : 500)]U[−Hm∗(1 : 250)] (3.16)
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Figure 3.17: The plot of one period of the measured B (solid line) versus wanted B (dashed line)
signals, as well as their sub-arrays of the falling branch (from positive peak to the negative peak) of
the signals.

� Then, generate the corresponding magnetising current I and measure the re-
sponse of the material (Bm and Hm) and go through the amplitude and form
control again.
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Figure 3.18: A flow chart of the current-mode magnetisation and the iterative feedback B control
program which includes an amplitude and a form control algorithm.
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3.6. Conclusion

In this chapter the measurement of the magnetostriction strain of electrical steel sam-
ples was discussed. The chapter started with an overview of the most often used strain
measurement techniques and the conditions under which the measurements are per-
formed.

Afterward the strain gauge setup developed in EELAB was presented. The ad-
vantages (e.g. high repeatability) and the limitations (e.g. the necessity of the coating
removal of the samples to mount the strain gauges) of the setup were discussed. Then,
the design of a new setup with a non-contact technique, based on heterodyne vibrome-
ter, was presented in detail. The LabVIEW software program and the feedback controls
to steer the setup were reported at the end.

The measurement results obtained by the laser setup and a comparison with that
of the strain gauge setup will be presented in the next chapter.



CHAPTER 4

Measurement results

4.1. Introduction

In this chapter the measurement results obtained by the heterodyne laser setup on
grain-oriented and nonoriented electrical steel samples will be presented. First, the re-
sults of different materials under a purely sinusoidal magnetisation will be presented.
To make a comparison with the strain gauge setup, the behaviour of the non-coated
samples are measured by the laser setup and then compared with the results obtained
by the strain gauge setup. Next, the results of the coated samples are compared with
those of the non-coated samples of the same material which are both measured by the
laser setup. Based on the measurement results, the effect of the coating on the mag-
netostrictive deformations will be discussed for both grain-oriented and nonoriented
electrical steel.

The focus of this PhD research is on the magnetostrictive deformation of trans-
former core materials. Since in reality there are always some higher harmonics present
on the electricity grid, the effect of these harmonics on the magnetostriction should be
studied. To this end, the magnetostrictive behaviours of some different materials are
measured under a sinusoidal magnetisation with a third harmonic component, the re-
sults of which will be presented in this chapter. In the last section, the effect of the
fifth harmonic on a grain-oriented material will be presented. Such results are applied
to calculate the deformation of a three-phase test transformer core which will be pre-
sented in chapter 7.

4.2. Purely sinusoidal magnetisation

4.2.1 Non-coated samples

As a comparison between the two setups developed in EELAB, the strain gauge and
the laser setups, the magnetostriction strains of samples of electrical steel have been



66 MEASUREMENT RESULTS

measured by both setups. Since with the strain gauge setup the coating of the sample
was required to be locally removed, the coating of the samples with the laser setup
were also removed. The magnetostriction strains λ‖ versus the magnetic induction
B, the butterfly loops, for a nonoriented electrical steel sample and a grain oriented
sample have been measured. The nonoriented material is a material of which the lam-
inations are coated only on one side. It has a thickness of 0.7mm. The grain-oriented
material is a 3% Si-Fe cut from laminations of 0.9W/kg losses at 1.5T and 50Hz, here-
after called as GO-I. For the nonoriented material the measurements are performed
under a magnetisation with peak magnetic induction of 1T and 0.6T and a frequency
of 50Hz, as shown in Fig. 4.1 and Fig. 4.2, respectively. The behaviour of the GO-I
material under a magnetisation with a peak magnetic induction of 1T and a frequency
of 50Hz is shown in Fig. 4.3. The solid line shows the result obtained by the laser mea-
surement and the dashed line shows the results of the strain gauge setup. As explained
in the previous chapter, only even harmonics of the excitation frequency appear in the
magnetostriction response. Therefore we removed the possible odd harmonics (arising
due to noise).

Looking at the even harmonics, for a 50Hz excitation, the dominant frequency
response is 100Hz which is twice the magnetisation frequency. In addition, for the
measurement results by the strain gauge setup, the data in the frequency spectrum
are filtered for harmonics higher than 40 times the base frequency before reconstruct-
ing the time pattern. Looking at the dashed line butterfly loops, still some noise can be
observed. The noise influence is relatively larger for the measurements under magneti-
sation with peak amplitude smaller than 0.8T and thus these results are less accurate.
In Fig. 4.2, the magnetostriction strains measured by using the strain gauge setup for
a magnetic induction of 0.6T are highly influenced by noise even after filtering. Such
filtering is not applied for the laser measurement and is not needed. The laser setup
provides magnetostriction strain measurements under a magnetisation with peak am-
plitudes as low as 0.5T and shows a high accuracy. One of the advantages of this setup
over the strain gauge setup is thus the significant reduction of noise in the measured
data [54].

4.2.2 Coated samples

The measurement results on the coated samples show less deformation than those of
non-coated samples. The coating is used to isolate the laminations and reduce losses.
However, it also applies tension to the material, which as a result decreases the defor-
mation. Fig. 4.4 shows the measurement results on a coated and non-coated sample
of the same nonoriented material, both measured by using the laser setup. The coated
sample shows around 20% less deformation, which proves that the coating tensile
stress is beneficial in the reduction of the deformation.

A similar measurement for the GO-I material shows a significant difference be-
tween the results on the coated sample with those of the non-coated, as shown in
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Figure 4.1: The magnetostriction strains of a non-coated sample of nonoriented electrical steel by
using the strain gauge setup and the heterodyne laser vibrometer setup under a magnetic induction
of Bpeak=1T and f=50Hz.
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Figure 4.2: The magnetostriction strains of a non-coated sample of nonoriented electrical steel by
using the strain gauge setup and the heterodyne laser vibrometer setup under a magnetic induction
of Bpeak=0.6T and f=50Hz.

Fig. 4.5. The results show that the magnitude of the deformations is much larger for
the non-coated sample compared to the coated sample. In fact, as explained in 2.3.2,
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Figure 4.3: The magnetostriction strains of a non-coated sample of grain-oriented electrical steel by
using the strain gauge setup and the heterodyne laser vibrometer setup under a magnetic induction
of Bpeak=0.6T and f=50Hz.

the coating tensile stress especially reduces the magnetostriction strains of the grain-
oriented materials. The domain structure and the magnetostrictive behaviour of the
grain-oriented materials have been studied in detail e.g. [7].

To further investigate the effect of the coating on the magnetostrictive behaviour of
the nonoriented materials, the measurements were carried out on three other materials.
The samples were cut from laminations of M800 with 1% Si, M470 with 1%-2% Si
and M350 with 2%-3% Si, which have 8, 4.7 and 3.5W/kg losses at 1.5T and 50Hz,
respectively. The thickness of the laminations of all three materials was 0.5mm. For
each material type, two sets of samples were prepared. To the first type belong the
samples with their length cut along the rolling direction of the material (to magne-
tise in the rolling direction). The second type were cut along the transverse direction
(to magnetise in the transverse direction) of the material. In the sequel we indicate
these as RD and TD respectively. The magnetostriction strains along the magnetisa-
tion direction λ‖ are measured under a magnetic induction of 1.2T, 1.1T and 1T and
a frequency of 50Hz on both coated and non-coated samples. For each data point, the
measurements are carried out on two samples and the average data are calculated, as
shown in Table. 4.1. Table 4.2 shows the ratio of the magnetostriction strains of the
non-coated to that of the coated samples of the data of Table. 4.1.

The results clearly demonstrate that the difference between the magnitude of the
deformation for coated and non-coated samples is lower for nonoriented material than
that of the GO-I material. Whereas the ratio of the magnitudes for the non-coated and
coated samples can attain 15 for GO-I material, for the nonoriented materials this ratio
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Figure 4.4: The magnetostriction strains of the sample of nonoriented electrical steel, coated and
non-coated, measured with the heterodyne laser vibrometer setup under a magnetic induction of
Bpeak=1T and f=50Hz.
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Figure 4.5: The magnetostriction strains of the same sample of grain-oriented electrical steel, coated
and non-coated, measured with the heterodyne laser vibrometer setup under under a magnetic induc-
tion of Bpeak=1T and f=50Hz.

is lower than two. The reason behind it is in fact the domain structure of the material
and the closure domains with 90◦ domain walls which have been discussed in §2.3.2.
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Table 4.1: The peak-to-peak magnetostriction strains of the three nonoriented materials along the
RD and the TD directions on both coated and non-coated samples under the excitations of B=1.2T
(first row), 1.1T (second row) and 1T (third row).

λ‖[µm/m] M800, 1%Si M470, 1%Si-2%Si M350, 2%Si-3%Si

RD, coated
1.17 0.82 1.36
0.91 0.83 1.03
0.78 0.57 0.83

RD, non-coated
1.73 1.53 2.79
1.38 1.3 2.18
1.07 1.08 1.65

TD, coated
6.45 5.21 5.67
5.48 4.36 4.83
4.44 3.69 3.92

TD, non-coated
6.48 6.01 7.22
5.48 5.02 6.22
4.86 4.26 5.23

Table 4.2: The ratio of the magnetostriction strains of the non-coated samples to that of the coated
samples of the data of Table. 4.1.

λ‖ M800, 1%Si M470, 1%Si-2%Si M350, 2%Si-3%Si

RD, non-coated/coated
1.48 1.87 2.05
1.52 1.57 2.12
1.37 1.89 1.99

TD, non-coated/coated
1.00 1.15 1.27
1.00 1.15 1.29
1.09 1.15 1.33

Another observation is that the measured strains for the non-coated grain-oriented
material are significantly larger compared to the nonoriented material. Also, it can be
concluded that the coating has more effect when we magnetise in RD than TD.

Although we expected to obtain a decrease of magnetostriction with the increase
of percentage of Si [21], this has not been observed for the samples of M350. This
might originate from the different production process of these samples. However, fu-
ture studies are still needed for further understanding this difference.

4.3. Sinusoidal magnetisation with a higher harmonic component

Looking at the magnetostriction deformation in transformers, the studies so far have
mostly focused on the behaviour under well known excitation waveforms, e.g. purely
sinusoidal excitation [7], [8], [55], [18], and [36]. In practice, the voltage waveform
of the electrical power grid is not purely sinusoidal. There are always some higher
harmonics present, which are caused by nonlinear voltage-current characteristics of
the loads connected to the grid. Looking at the industrial loads, power converters (rec-
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tifiers) and variable speed drives are well known examples of nonlinear loads. Over
the past years, an increase of nonlinear loads connected to the grid has consequently
caused an increase of the harmonics in the grid [56].

Harmonic currents generated by nonlinear loads can cause overheating and failure
of the transformers. To protect against overheating caused by harmonics, the trans-
former designers specify oversized transformers by a rating called K-factor. As a re-
sult, the transformers run at a fraction of their rated capacity and thus withstand har-
monic contents. There have been several studies on the effect of the higher harmonics
on the operation of transformers e.g. [57]. However, it is useful to identify how such
higher harmonics contribute to the magnetostriction noise. In another word, to find
the relationship between harmonics present in the magnetisation signal and those in
the magnetostriction signal. Previously, some research on the effect of the higher har-
monics on the magnetostrictive behaviour has been reported, where only harmonics
in phase with the fundamental harmonic, under an external stress are studied [58].
However, the influence of the higher harmonics of the magnetic field with different
phase delays with respect to the fundamental, on the magnetostrictive behaviour has
not been well identified in the past.

The influence of the third and the fifth harmonics are studied in this work. To
this end, for the generation of the magnetisation signal, the amplitude of the higher
harmonic on the magnetic field is defined as a percentage of that of the fundamental
component, e.g. 10%. To identify the phase delay θn between the fundamental and
the higher harmonic, the zero crossing of the fundamental is taken as reference point,
according to

B1 sin(2π f t) + Bn sin(n(2π f t) + θn) (4.1)

where B1 and Bn are the amplitude of the fundamental and the higher harmonic com-
ponents, respectively. n is the number of the higher harmonic e.g. n=3 stands for the
third harmonic. The fundamental frequency f , is assigned to be 50Hz, the grid fre-
quency in Europe. Fig. 4.6 shows a sinusoidal signal with a fundamental component
with an amplitude of 1.3T and a third harmonic with 8% amplitude of that of funda-
mental with a phase delay of 0◦ and 90◦ (with respect to the fundamental component)
and the sum of the two. Thus, the sum is sent to magnetise the sample.

The obtained measurement results will be presented in the following sections and
the resulting application for the calculation of the magnetostrictive deformation of a
transformer core will be given in chapter 7.

4.3.1 Third harmonic

The magnetostrictive behaviour of samples of grain-oriented and nonoriented elec-
trical steel was measured under both purely sinusoidal magnetic inductions and in-
ductions with a third harmonic component. The nonoriented materials were M350
and M470, as has been previously presented. Two grain-oriented materials were mea-
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Figure 4.6: Magnetic induction with a fundamental component (1.3T) and the third harmonic
(8%ratio) which has a delay of 0◦ and 90 ◦.

sured: GO-I (see §4.2.1) and samples cut from laminations with a loss of 1W/kg at
1.5T and 50Hz, which we will refer to as GO-II. Both grain-oriented materials had
a thickness of 0.3mm. The amplitude of the fundamental harmonic of the magnetisa-
tion signal was varied between 1.1T, 1.2T and 1.3T. These magnetic induction levels
correspond to the knee of the B-H hysteresis loop of the materials. Since the mea-
surement results for each induction level have a similar behaviour, the data of the 1.3T
fundamental for the different material types will be presented here. The amplitude of
the third harmonic on the magnetic induction goes from 3% to 8% of that of the fun-
damental component, in steps of 1%. Such values are selected based on measurements
by the European standards report [56]. The third harmonic has been delayed from 0◦

to 180◦ in steps of 30◦ with respect to the fundamental component.
For each magnetisation, the data of at least five measurements are averaged. The

magnetostriction strains measurement results are post-processed in the frequency do-
main. Looking at the Fourier spectrum, harmonics with a frequency higher than five
times the base frequency are very small and hence can be neglected. Since only the
even harmonics are relevant, a database of only the second (100Hz) and the fourth
harmonics (200Hz) of the magnetostriction strains in rms value is made [59].

Nonoriented M350 50A

The magnetostriction measurement results of the nonoriented sample of M350 under
a purely sinusoidal excitation with a fundamental harmonic amplitude of 1.3T and
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50Hz excitation show an amplitude of 0.284 and 0.048[µm/m] for the 100Hz and
200Hz components, respectively. The measured results under a magnetisation with
the same fundamental harmonic and with a third harmonic are presented in Table 4.3.
The 100Hz data are also illustrated in Fig. 4.7.

The results for the 100Hz component show that in general the magnitude increases
with higher phase delay of the third harmonic from 0◦ to 180◦ phase delay. The reason
for this can be attributed probably to the increase of the peak value of the magneti-
sation signal, as the phase variation from 0◦ to 180◦ between the main and the third
harmonic of the magnetic induction changes the peak value of the magnetisation sig-
nal, which is sent to magnetise the sample. For the case of 0◦ delay, this peak value
is lower than the fundamental component and so is the 100Hz component. Further
increase of the phase delay up to 180◦, causes the peak value of the magnetisation sig-
nal and as a result the 100Hz component to increase significantly, as seen in Fig.4.7.
Other possible effects of harmonics aside, one might conclude that the magnetostric-
tion mainly depends on the peak value of the excitation and thus both on the amplitude
and phase of the harmonic with respect to the fundamental. To illustrate the variation
of the 100 and 200Hz components, the percentual difference of the measured data of
Table 4.3, compared with that of a purely sinusoidal excitation are presented in Table
4.4. We observe a significant variation of the 100Hz component when comparing the
results of the 0◦ delay and the 180◦ delay. For the 3% third harmonic, this percent-
age variation across the measurement range is almost 24%. However, for the 8% third
harmonic, it is almost 54%, which is substantial.

Table 4.3, b) shows the 200Hz components under a magnetisation with the third
harmonic. These values are almost always larger than that of the purely sinusoidal
magnetisation, except for 0◦ delay. For the third harmonic with 3% ratio, the per-
centage variation of the 200Hz component compared with that of a purely sinusoidal
shows an increase of almost 70% going from 0◦ to 180◦ delay. For a third harmonic
with a 8% ratio, this increase is more than 150%. Since the value of the 200Hz com-
ponent is remarkably lower than the 100Hz component, it affects the magnetostriction
behaviour less compared to the 100Hz component. As a result, mainly the variations of
the 100Hz component should be considered to study the magnetostrictive behaviour.

Grain-oriented GO-II

The measurement results of the grain-oriented sample of GO-II under a purely sinu-
soidal excitation with a fundamental harmonic amplitude of 1.3T and 50Hz excitation
show an amplitude of 0.213 [µm/m] for the 100Hz component and 0.013[µm/m] for
the 200Hz component. The measured results under a magnetisation with the same fun-
damental harmonic and the third harmonic are presented in Table 4.5, and the 100Hz
data are also illustrated in Fig. 4.8.

The measurement result of this material, shows a similar behaviour as that of the
nonoriented sample of M350. The 100Hz component increases with a larger phase
delay of the third harmonic from 0◦ to 180◦, compared with the data of the purely
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Table 4.3: The magnitude of the magnetostriction strains [µm/m] under sinusoidal excitations with
a fundamental component amplitude of B=1.3T, 50Hz and the third harmonic (3% to 8% amplitude
ratio and 0◦ to 180◦ phase delay) for the nonoriented sample of M350 a) 100Hz component, b)
200Hz component.

a) 100Hz component,
where the value under purely sinusoidal excitation is 0.284

0◦ 30◦ 60◦ 90◦ 120◦ 150◦ 180◦
3% 0.238 0.235 0.244 0.283 0.294 0.296 0.307
4% 0.220 0.234 0.245 0.287 0.289 0.310 0.330
5% 0.223 0.223 0.253 0.287 0.306 0.315 0.320
6% 0.221 0.211 0.235 0.288 0.306 0.313 0.332
7% 0.204 0.217 0.232 0.281 0.306 0.329 0.352
8% 0.198 0.213 0.223 0.290 0.311 0.327 0.351

b) 200Hz component,
where the value under purely sinusoidal excitation is 0.048

0◦ 30◦ 60◦ 90◦ 120◦ 150◦ 180◦
3% 0.036 0.045 0.059 0.065 0.074 0.069 0.069
4% 0.031 0.047 0.060 0.074 0.072 0.076 0.075
5% 0.033 0.050 0.071 0.079 0.085 0.088 0.086
6% 0.034 0.056 0.070 0.086 0.096 0.098 0.092
7% 0.041 0.059 0.077 0.088 0.098 0.105 0.102
8% 0.042 0.061 0.083 0.100 0.113 0.118 0.115

Figure 4.7: The magnitude of the 100Hz component of the magnetostriction strains [µm/m] un-
der sinusoidal excitations with a fundamental component amplitude of B=1.3T, 50Hz and the third
harmonic (3% to 8% amplitude ratio and 0◦ to 180◦ phase delay) for the nonoriented sample of
M350.
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Table 4.4: The percentual difference of the 100Hz and 200Hz components of the data of Table 4.3,
a) and b) respectively compared with that of purely sinusoidal magnetisation.

a) 100Hz component,
0◦ 30◦ 60◦ 90◦ 120◦ 150◦ 180◦

3% -16% -17% -14% 0% 4% 4% 8%
4% -23% -18% -14% 1% 2% 9% 16%
5% -21% -21% -11% 1% 8% 11% 13%
6% -22% -26% -17% 1% 8% 10% 17%
7% -28% -24% -18% -1% 8% 16% 24%
8% -30% -25% -21% 2% 10% 15% 24%

b) 200Hz component,
0◦ 30◦ 60◦ 90◦ 120◦ 150◦ 180◦

3% -25% -6% 23% 35% 54% 44% 44%
4% -35% -2% 25% 54% 50% 58% 56%
5% -31% 4% 48% 65% 77% 83% 79%
6% -29% 17% 46% 79% 100% 104% 92%
7% -15% 23% 60% 83% 104% 119% 113%
8% -13% 27% 73% 108% 135% 146% 140%

sinusoidal magnetisation. The percentage variation of the measured data (shown in
Table 4.5) compared to those for a purely sinusoidal magnetisation are shown in Table
4.6. For a 0◦ delay of the third harmonic, the 100Hz component is lower than that un-
der a purely sinusoidal magnetisation, whereas increasing the phase delay up to 180◦

shows an increase of the 100Hz component. For the 100Hz component, the variation
of the delay from 0◦ to 180◦ results in a large magnetostriction increase. For the 3%
third harmonic we observe an increase of 16%. For a 8% third harmonic however, the
increase amounts to 50%.

The 200Hz components for a magnetisation with the third harmonic are shown in
Table 4.5, b) and the percentage variation compared to those for a purely sinusoidal
are shown in Table 4.6. In general, the effect on the 200Hz components is larger than
for the 100Hz component. For the 3% third harmonic, we observe a variation of 70%
for a phase delay variation from 0◦ to 180◦. For a 8% third harmonic, this variation
amounts to 85%.

Comparison of GO-II and M350 materials

Comparing the two material types of grain-oriented and nonoriented, the observa-
tions can be summarised as follows. As known, since magnetostriction is larger for
the nonoriented materials, the 100Hz components of these samples are larger than
those of grain-oriented materials. With both materials, the larger the phase delay of
the third harmonic, the larger the value of the 100Hz component. This increase can
be significantly large if the third harmonic ratio is high. However, the growth from
0◦ phase delay to 30◦ is rather small, especially if the relative value of the third har-
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Table 4.5: The magnitude of the magnetostriction strains [µm/m] under sinusoidal excitations with
a fundamental component amplitude of B=1.3T, 50Hz and the third harmonic (3% to 8% amplitude
ratio and 0◦ to 180◦ phase delay) for a grain-oriented sample of GO-II a) 100Hz component, b)
200Hz component,

a) 100Hz component,
where the value under purely sinusoidal excitation is 0.213.

0◦ 30◦ 60◦ 90◦ 120◦ 150◦ 180◦
3% 0.200 0.200 0.210 0.219 0.222 0.230 0.235
4% 0.192 0.196 0.204 0.215 0.235 0.229 0.232
5% 0.180 0.180 0.198 0.217 0.231 0.222 0.250
6% 0.175 0.195 0.195 0.217 0.243 0.237 0.251
7% 0.173 0.182 0.199 0.217 0.230 0.251 0.257
8% 0.171 0.182 0.200 0.229 0.249 0.258 0.277

b) 200Hz component,
where the value under purely sinusoidal excitation is 0.013.

0◦ 30◦ 60◦ 90◦ 120◦ 150◦ 180◦
3% 0.011 0.006 0.013 0.015 0.019 0.023 0.020
4% 0.013 0.012 0.014 0.023 0.021 0.026 0.026
5% 0.016 0.018 0.019 0.025 0.033 0.030 0.034
6% 0.019 0.021 0.024 0.028 0.033 0.035 0.035
7% 0.025 0.025 0.030 0.039 0.040 0.040 0.043
8% 0.032 0.032 0.034 0.045 0.042 0.046 0.043

Figure 4.8: The magnitude of the 100Hz component of the magnetostriction strains [µm/m] un-
der sinusoidal excitations with a fundamental component amplitude of B=1.3T, 50Hz and the third
harmonic (3% to 8% amplitude ratio and 0◦ to 180◦ phase delay) for the grain-oriented sample of
GO-II.
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Table 4.6: The percentage variation of the 100Hz and 200Hz components of the data of Table 4.5,
a) and b) respectively compared with that of purely sinusoidal magnetisation,

a) 100Hz component.
0◦ 30◦ 60◦ 90◦ 120◦ 150◦ 180◦

3% -6% -6% -1% 3% 4% 8% 10%
4% -10% -8% -4% 1% 10% 8% 9%
5% -15% -15% -7% 2% 8% 4% 17%
6% -18% -8% -8% 2% 14% 11% 18%
7% -19% -15% -7% -2% 8% 18% 21%
8% -20% -15% -6% 8% 17% 21% 30%

b) 200Hz component.
0◦ 30◦ 60◦ 90◦ 120◦ 150◦ 180◦

3% -15% -54% 0% 15% 46% 77% 54%
4% 0% -8% 8% 77% 62% 100% 100%
5% 23% 38% 46% 92% 154% 131% 162%
6% 46% 62% 85% 154% 154% 169% 169%
7% 92% 92% 131% 200% 208% 208% 231%
8% 146% 146% 162% 246% 223% 254% 231%

monic is low, e.g. lower than 6%. For the 200Hz component, the measured data of
the grain-oriented sample with a third harmonic are relatively larger than those for the
nonoriented samples. Of course, these magnetostriction effects of harmonics on the
magnetisation signal might be quite material-dependent.

Comparison of GO-I, GO-II, M350 and M470 materials

In addition to the M350 nonoriented and GO-II grain-oriented material, the 100Hz
component for the magnetostrictive behaviour of two other materials such as: the
grain-oriented GO-I and the nonoriented M470 were investigated as well. Table 4.7,
a), shows the data under the same magnetisation with a 8% third harmonic. For these
materials, the same trend for the increase of the 100Hz component with the increase
of the phase delay is observed, as well.

The main effect of the third harmonic turns out to be a change of the peak value of
the magnetisation signal. And indeed, the measurement results for a sinusoidal mag-
netisation with 1.1T amplitude are similar to the results under magnetisation with 1T
fundamental and a 10% third harmonic with 180◦ phase delay. The two magnetisation
waveforms are shown in Fig. 4.10, which illustrate the same peak amplitudes. These
results for the four materials are shown in Table 4.8.

4.3.2 Fifth harmonic

The magnetostrictive behaviour of the GO-I material was measured under a sinusoidal
magnetisation with a fifth harmonic component. The strains along and perpendicular
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Table 4.7: The magnitude of the 100Hz component of the Fourier spectrum of the magnetostriction
strains for four different materials under a purely sinusoidal magnetisation (B=1.3T, f =50Hz) and
with a third harmonic (8% amplitude ratio and 0◦ to 180◦ phase delay).

a) 8% third harmonic present
0◦ 30◦ 60◦ 90◦ 120◦ 150◦ 180◦

NO M350 0.198 0.213 0.223 0.290 0.311 0.327 0.351
NO M470 0.160 0.215 0.224 0.243 0.256 0.278 0.308

GO-II 0.171 0.182 0.200 0.229 0.249 0.258 0.277
GO-I 0.235 0.254 0.271 0.318 0.338 0.355 0.360

b) Purely sinusoidal magnetisation versus
a 8% third harmonic variations from 0◦ to 180◦ phase delay

purely sinusoidal third harmonic (180◦ - 0◦)
NO M350 0.284 54%
NO M470 0.267 55%

GO-II 0.213 50%
GO-I 0.291 43%

Figure 4.9: The magnitude [µm/m] of the 100Hz component of the Fourier spectrum of the mag-
netostriction strains for four different material under a sinusoidal magnetisation (B=1.3T, f =50Hz)
with 8% third harmonic.

to the magnetisation direction are measured λ‖ and λ⊥, respectively. Similar to the
measurements with the third harmonic, for the fifth harmonic measurements various
combinations of amplitudes and phase delays of the fifth harmonic (with respect to the
fundamental harmonic component) were considered. The frequency of the fundamen-
tal harmonic of the magnetisation signal is taken as a constant of 50Hz. The amplitude
of the fundamental harmonic of the magnetic induction B is measured from 0.5T to
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Figure 4.10: The magnetisation waveform for a sinusoidal waveform with a main harmonic of 1T
and 10% third harmonic with 180◦ phase delay and a purely sinusoidal magnetisation with 1.1T.

Table 4.8: The magnitude of the 100Hz component of the Fourier spectrum of the magnetostriction
strains for four different materials under a purely sinusoidal magnetisation (B=1.1T, f =50Hz) and
with 1T fundamental and a third harmonic (10% amplitude ratio and 180◦ phase delay).

purely sinusoidal 10% third harmonic (180◦)
NO M350 0.179 0.191
NO M470 0.194 0.193

GO-II 0.107 0.116
GO-I 0.211 0.217

1.6T in steps of 0.1T. For each amplitude of the fundamental harmonic, the ampli-
tude of the fifth harmonic has been varied from 1% to 10% of that of the fundamental
in steps of 1% (in total 10 steps). The phase delay of the fifth harmonic has been
changed from 0◦ delay to 360◦ delay in steps of 30◦ (in total 12 steps). This means
that for each amplitude of the fundamental harmonic 120 different combinations of
the fifth harmonic component were generated. For each of these combinations, five
measurements were performed and the average data were calculated.

Fig. 4.11 shows the magnetostriction strains λ‖ measured under a magnetic induc-
tion with a fundamental amplitude of 1.5T. The y ordinates show the magnitude and
the phase of the 100Hz and 200Hz of the frequency spectrum of the strains. The ab-
scissae are the number of the variations of the fifth harmonic (120) ordered as follows.
The first twelve data points stand for 1% fifth harmonic with 0◦ to 330◦ delays, respec-
tively. The second twelve data points correspond to fifth harmonic with 2% amplitude
and 0◦ to 330◦ phase delays and so forth up to 10% fifth harmonic.
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Figure 4.11: The magnitude and phase spectrum of the 100Hz and 200Hz harmonics of the magne-
tostriction strains (λ‖) under a sinusoidal magnetisation with a fundamental amplitude of 1.5T and a
fifth harmonic component which varies from 1% to 10% amplitude of the fundamental (1.5T) with
a phase delay of 0◦ to 330◦ (with respect to the fundamental harmonic component).

Looking at the results of the 100Hz magnitude, with higher percentage of the fifth
harmonic a slow increase is observed. However, neither the increase of the percentage
of the fifth harmonic nor the variation of the phase delay of the fifth harmonic show
a periodic variation of the magnitude of the 100Hz harmonic of the magnetostriction
strains. The phase of the 100Hz harmonic of the magnetostriction strain shows a cyclic
variation: more with the increase of the percentage of the fifth harmonic. In fact, for
each percentage the phase of the 100Hz goes first to a negative peak and then a positive
peak in a shape of a (negative) sinusoidal waveform in function of the phase delay from
0◦ to 330◦.

Regarding the 200Hz harmonic of the magnetostriction strains, with an increase
of the percentage of the fifth harmonic of the magnetisation signal an increase of the
200Hz harmonic magnitude is observed. Moreover, both the magnitude and the phase
show clear periodic variations as a function of the phase delay. For each percentage
of the fifth harmonic, with the variation of the phase delay of the fifth harmonic from
0◦ to 330◦ delay a cyclic variation of the magnitude of the 200Hz is observed, which
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Figure 4.12: The magnitude and phase spectrum of the 100Hz and 200Hz harmonics of the mag-
netostriction strains (λ‖) under a sinusoidal magnetisation with a fundamental amplitude of 1.1T to
1.6T and a fifth harmonic component which varies from 1% to 10% amplitude of the fundamental
with a phase delay of 0◦ to 330◦ (with respect to the fundamental harmonic component).

goes first to a positive peak and then a negative peak in a shape of a sinusoidal. The
phase variation of the 200Hz is also periodic which compared with that of the 100Hz
reaches much higher angles.

Fig. 4.12 shows the 100Hz and 200Hz harmonics of the magnetostriction strains
under magnetisations with a fundamental harmonic amplitude of 1.1T to 1.6T and a
fifth harmonic with 1% to 10% amplitude of the fundamental. The phase delay has
been varied from 0◦ to 330◦ (with respect to the fundamental harmonic component).
The abscissae data are as an extra step coming from Fig. 4.11 but for six different
fundamental amplitudes. As observed, the variations are similar for every fundamental
harmonic amplitude of the magnetic induction B. Moreover, the larger the amplitude
of the fundamental harmonic, the more the variations of the 200Hz magnitude of the
strains.
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Data interpretation

In general, for the measurements with a third harmonic component on the magneti-
sation signal the 100Hz magnitude of the magnetostriction strains in function of the
percentage and the phase delay of the higher harmonic were larger and more clear
than those with the fifth harmonic component on the magnetisation signal. For both
measurements with a third and fifth harmonic, the 200Hz magnitude shows a signif-
icant change in function of the phase delay which is relatively much larger than that
of the 100Hz. In fact, the application of the higher harmonics on the magnetisation
signal affects more the higher harmonics of the magnetostriction strains. This means
that the influence on the 200Hz harmonic of the magnetostriction is more than that on
the 100Hz.

Previously, for the measurements under a magnetisation with a third harmonic
component, a phase delay from 0◦ to 180◦ (between the third and the fundamental
harmonic) was considered. The sum of the fundamental and the third harmonic had
the lowest peak value for the case of 0◦ delay. For a 180◦ delay, the third harmonic
was added up into the fundamental and the largest amplitude was reached. Looking
at the obtained magnetostriction strains, a direct relationship between the peak value
of the magnetisation signal (the sum of the fundamental and the third harmonic) and
the magnitude of the harmonics of the magnetostriction strains was found. A higher
amplitude of the magnetisation signal resulted in a higher magnitude of the magne-
tostriction strains.

The amplitude variation of the magnetisation signal for a measurement with a fifth
harmonic component is different than that with a third harmonic component. The fifth
harmonic is added up into the fundamental for a delay of 0◦ where the peak value of
the sum is the lowest for a 180◦ delay. The trend between the amplitude of the mag-
netisation and the magnitude of the harmonics of the magnetostriction is less clear for
different phase delays. However, once the amplitude of the higher harmonic increases
the magnitude of the strains also increases, specifically for the 200Hz harmonic.

4.4. Conclusion

The magnetostrictive deformation of several grain-oriented and nonoriented electri-
cal steel samples are measured by using the dual hererodyne laser vibrometer setup.
For a purely sinusoidal magnetisation waveform, a comparison between the measured
results obtained by the laser setup and those with the strain gauge setup on a set of
non-coated samples shows similar amplitudes of the magnetostriction strains. How-
ever, the results with the laser setup are more accurate (with less noise), especially
under magnetisations with small amplitudes e.g 0.5T. The magnetostrictive behaviour
of the coated and non-coated samples, which are measured by using the laser setup,
showed that the coating limits the magnetostrictive deformations. For the case of the
grain-oriented materials the difference is significantly larger.
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The results under a sinusoidal magnetisation with a third and fifth harmonic proves
that the 100Hz and 200Hz components of the magnetostriction strains do not only
depend on the amplitude of the higher harmonic, but also on the phase delay of the
higher harmonic with respect to the fundamental harmonic. Moreover, the variation
of this phase delay can cause a significant increase of magnetostriction. The influence
of the higher harmonic of the magnetisation signal on the magnitude of the 200Hz
component of the magnetostriction is more than that on the 100Hz component.
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CHAPTER 5

A computational method for the

vibrations and deformation of

magnetic cores

5.1. Introduction

In this chapter an overview of the method for the computation of the vibrations and
deformation of a magnetic core as a result of the magnetic sources such as: magnetic
forces and magnetostriction will be presented. While the magnetic forces refer to the
forces applied on a material from an external field, magnetostriction is an outcome
of the microscopic structure of the material. Therefore, as explained in chapter 2,
the macroscopic deformation of the material is a contribution of both the magnetic
forces and magnetostriction, and thus both are taken into account. The application of
a commercial software e.g. COMSOL was not possible, since some of the equations
required for the magnetostrictive calculations are not supported yet. To this end, an
in-house method is applied.

This in-house technique is based on a 2D FE method to calculate the deforma-
tions of magnetic cores, e.g. a core of a transformer or an electrical machine. For the
description of the deformation of the magnetoelastic material the Chu model formula-
tions are considered, which were described in chapter 2.

For the calculation of the magnetostriction strain tensor Tms of the Chu model,
a model of the magnetostrictive behaviour of the material of the core is required.
Such model is made by using ANN based on the magnetostriction strain measurement
results of the samples of the core material. The principles of the ANN and how it is
implemented in the FE calculations will be explained in this chapter. After that, the
implementation of the model described in chapter 2 will be explained. Further on, the
FE computation procedure will be described in steps.
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5.2. Magnetostriction modelling

For the magnetostriction strain tensor εms, a 2D model of the magnetostriction strain
behaviour of the core material is required. To this end, a model is made by using ANN
in the parallel and perpendicular direction to the direction of the applied magnetic field
as a function of the magnetic induction B, B− λ‖ and B− λ⊥ respectively. Further
on, first an overview of the ANN will be given and then the magnetostrictive modelling
will be explained.

5.2.1 Artificial neuron

Artificial neural networks are inspired from biological neurons where the networks
are composed of inter-connecting neurons. Such models are known for applications
such as modelling the human brain activities. However, they can be used in many
other application areas. One of the advantages of the neural network is that it does
not require a physical model or equivalent system for the modelling. It can link any
inputs and outputs with no particular knowledge of the physical system. For our appli-
cation Feed-Forward Neural Networks (FFNN) are suitable, for which the outputs can
be calculated as explicit functions of the network inputs and the network parameters
(without any feedback loops). For more information about neural networks we refer
to [60].

An FFNN consists of neurons, where each neuron has one or more inputs and only
one output. A simple neuron is shown in Fig. 5.1 with n inputs (x1, x2, ..., xn) and one
output y. The inputs are first each multiplied by a weight factor (w1,w2, ...,wn) and
then summed up. A bias is also added to each neuron which can be modeled as an
extra input with the value of one. For the calculation of the neuron output y, the bias
can be assigned as an extra input numbered zero (x0). The sum of the inputs multiplied
with their weight factor a goes through a transfer function f to form the output y, as
follows

a =
n

∑
i=0

wixi, (5.1)

y = f (a) = f (
n

∑
i=0

wixi). (5.2)

5.2.2 ANN topology

The neurons in a network are arranged in so-called layers. An ANN normally has
several layers where each layer consists of a different number of neurons. The neurons
in each layer have the same inputs but multiplied by different weight factors. The
inputs to the first layer of the network are the inputs to the network. Starting from
the second layer, the inputs are the outputs of the previous layer, e.g. the inputs to the
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Figure 5.1: An artificial neuron with x1, x2, ..., xn inputs and y, where the w1,w2, ...,wn are the
weight factor of each input, b is a bias and f is the transfer function.

second layer are the outputs of the first layer and so forth. The network outputs are
then output of the last layer, so-called the output layer.

Each network has at least one layer, which is the output layer. The number of the
neurons of the output layer is the same as the number of the outputs of the network.
The layers between the input and the output layer, if there are any, are called the
hidden layers. The neurons of each layer all go through the same transfer function f ,
and each layer can have a different transfer function. Fig. 5.2 shows a network with
i hidden layers where only two of the hidden layers are displayed for the simplicity.
The topology of this network can be described as follows

• There are n inputs to the network named as x1, x2, ..., xn.

• There are m outputs of the network named as y1,y2, ...,ym.

• Each layer has a bias represented as an input with the constant value of one.

• The first hidden layer has p amount of neurons where they all go through the same
transfer function f1. With the same approach all the other layers have different
amount of neurons and different transfer functions. The (i− 1)th hidden layer has
g neurons with the transfer function fi−1 and the ith layer has q neurons with the
transfer function fi. The output layer has m neurons and fout transfer function.

• In general, the weight factors of the ith layer are named as: w(i)
α,β where α stands

for the αth neuron in the layer and β stands for the βth weight factor of that neuron.
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Figure 5.2: Topology of an ANN with i hidden layers, where there are n inputs to the network
(x1, x2, ..., xn) and m outputs (y1,y2, ...,ym). The first hidden layer has p neurons and the ith hidden
layer has q neurons and the output layer has m neurons which m equals the number of the network
outputs.

• The transfer function of the hidden layers and the output layer fout can be different
e.g. linear or non-linear.

• The output of each neuron is the sum of the inputs and the bias which are
multiplied with their weight factors and passed through the layer transfer function,
e.g. as (5.2).

In fact, each network output is calculated based on the output of all the layers as
follows

yk = fout(
q

∑
r=0

w(out)
k,r fi(

g

∑
s=0
r 6=0

w(i)
r,s ... f1(

n

∑
t=0
u 6=0

w(1)
u,t xt))) (5.3)

for
k = 1,2, ...,m
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5.2.3 ANN modelling

To model the magnetostrictive behaviour of a material two ANN using FFNN are
made, one for the strains in the parallel and one for the strains in the perpendicular
direction to the direction of the applied magnetic field, B− λ‖ and B− λ⊥. The steps
to design such networks for our application are explained below, as shown in Fig. 5.3.

Determine the 
- network inputs 
- network outputs

Determine the network topology
- number of layers 
- number of neurons

Train the network
reached the goal?

Test the network
valid results?

Yes

No

Stop

Figure 5.3: Flow chart of the iterative process to design an FFNN.

• Network inputs
First the inputs to the network x1, x2, ..., xn should be defined. In the FE com-
putation method the inputs and outputs of the NN should be in the frequency
domain. Since the magnetostriction strain measurements are performed only as a
function of the magnetic induction B, the input variables are then the parameters
of B. For a purely sinusoidal magnetisation the inputs are the amplitude of
the magnetic induction B and its frequency f . For the measurements under a
sinusoidal magnetisation with a higher harmonic, e.g. fifth harmonic, the inputs
are then the amplitude and the frequency of the both fundamental, B1, f1, and the
higher harmonic component, e.g. the fifth harmonic B5, f5 and the phase delay of
the higher harmonic, with respect to the fundamental.
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• Network outputs
The network outputs y1,y2, ...,ym should be defined as well. The network
outputs should be in the frequency domain. To this end, the harmonics of the
magnetostriction strains (λ‖ and λ⊥) in the frequency domain are assigned as
the outputs. As explained in §3.5.3, looking at the frequency spectrum of the
magnetostriction strains only the even harmonics of the magnetisation frequency
are relevant to the magnetostriction. For instance for the measurements under a
magnetisation with 50Hz frequency only even harmonics e.g. 100Hz, 200Hz of
the measured strains are relevant to the magnetostriction. Thus, the outputs of
the neural network are a number of such even harmonics of the strains which are
of the same order of magnitudes as the first even harmonic component e.g. the
100Hz component. If we assign only the 100Hz and 200Hz of the strains, then
the magnitude and the phase of such harmonics (in the frequency domain) are the
outputs of the neural networks.

• Network design
The network topology should be defined as follows: the number of layers, the
number of neurons in each layer and the transfer function of each layer. Once we
know the number of the network inputs and outputs, in fact we know the number
of the neurons in the input and the output layers. There are no fixed rules for
choosing the number of the hidden layers, the number of neurons in a hidden layer
and the transfer function. A large number of networks should be designed to obtain
an optimal network. To this end, there are two common strategies often applied:
“expansion algorithm” and “reduction algorithm”. With the expansion algorithm
first a small network is designed with low number of layers and neurons per layer,
If the results are not satisfactory, a larger network is designed with more number of
layers and neurons per layer. With the reduction algorithm the opposite approach
is taken. First we start with a large network with many layers and neurons per layer
and if the results are not satisfactory a smaller network is designed [60].

The approach taken in this work is based on the expansion algorithm. In
general, if the relationship between the inputs and outputs is rather simple,
the network has a low number of layers and neurons per layer and vice versa.
For our application, for modelling the magnetostriction strains under a purely
sinusoidal magnetisation a smaller network was designed compared with that
for the measurements under a sinusoidal magnetisation with a fifth harmonic.
The suitable transfer functions for such networks were a purely linear function
and a hyperbolic tangent transfer function, purelin and tansig Matlab functions
respectively.

• Network training
Once the network is designed, it has to be trained based on a set of data of inputs
and outputs, called the training data. In fact, the weight factor of the neurons and
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the biases are defined by the network training. In our case, the network training
has been performed based on the results obtained by the measurements. Different
combinations of the inputs and their corresponding outputs, so-called the “target
outputs”, are applied to train the network.

The training is an iterative process in which the weight factor of the neurons
are iteratively changed to reach the optimal values. Once the initial weight factors
are assigned, there is a deviation between the output of the network y(l) to the
input training data and the target outputs t(l), defined as follows

e(l) = y(l) − t(l), (5.4)

where l=1,2,...,u. The aim of the training process is to minimize e(l) for each l by
iteratively changing the weight factors. In another word, the network should be
trained so that the network output to the input training data are the same as the
target outputs. The “training fault” Etrain can be calculated as follows

Etrain =
1

um

u

∑
l=1

m

∑
k=1

e2
k,(l). (5.5)

Different optimization algorithms can be used for the training process. The train-
ing algorithm used for the magnetostriction modelling is according to Levenberg-
Marquardt optimization, which is often the fastest backpropagation algorithm. For
more explanation of the training algorithms we refer to [60].

Fig. 5.4 shows a the magnitude of the 100Hz harmonic of the magnetostriction
strain λ‖ and the response of a trained network to the same input training data
under a purely sinusoidal magnetisation.

As another example, for the measurements under a magnetisation with a fifth
harmonic component, see §4.3.2, the target outputs and the response of the network
to the input training data are presented in Fig. 5.5.

• Network testing
Once the network is well trained, it is able to determine the correct network output
for other inputs which were not in the training dataset. For testing the network, the
test input data should not belong to the training dataset. Moreover, such input data
should be within the range of the training dataset since the network is only trained
in that range, Otherwise, the response of the network may not be correct. The
test error can be calculated in the same manner as (5.5) for the test dataset. If the
results are not satisfactory, the network should be re-trained and tested once again.
If the latter is not successful, then a new network topology should be assigned.
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Figure 5.4: The target out and the network response to the input training data for a purely sinusoidal
magnetisation.

5.2.4 FE Implementation

In the FE method the deformation of a magnetised material is calculated in two-
dimensions. For the computation we apply a plane stress and assume that the sample
can move freely in the third dimension. Once a mesh of the material is generated, the
magnetic induction B and the magnetostriction strain tensor εms are constant inside
each mesh triangle1. Therefore, the equivalent stress tensor T

∗
is constant such that

the force distribution is reduced to singularities on the edges. The force Fij[N/m] ex-
erted on a mesh edge ij, shown in Fig. 5.6, can be computed based on the equivalent

stress tensor T
∗

in the adjacent triangles k and l is as follows

Fij = lij(nij · T
∗
k − nij · T

∗
l ), (5.6)

where lij is the length of the edge ij. The nodal forces (Fi, Fj) are then assigned as
half of the forces exerted on the edges ( 1

2 Fij) to both node i and j. As a result, the
forces at the nodes are a sum of the force contribution of all the neighbour edges of
the neighbour mesh triangles.

The magnetic and mechanical computations are performed iteratively. performing
a field computation for the displacement u and the strain tensor ε of the previous step
determines the geometry and the constitutive law for the magnetic field H, see (2.42).
Next, the nodal forces for the magnetic equivalent force distribution f

∗
are computed,

1 A first-order mesh with triangular elements is generated.
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Figure 5.5: The target out and the network response to the input training data for a sinusoidal
magnetisation with a fifth harmonic component.
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Figure 5.6: Computation of the nodal forces (Fi, Fj) in the mesh triangles, for which half of the
force exerted on the edges ( 1

2 Fij) are assigned to each node [28].

see (2.56). These forces are the input to the mechanical equations to compute the
deformation, e.g. 2.58.
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5.3. Modal analysis

A short description of the modal analysis will be given in this section [61].

5.3.1 Basic definition

In general, for vibration analysis of a structure three stages are followed, such as:
• Spatial Model

Spatial model refers to the description of the structure’s physical characteristics,
usually its mass, stiffness and damping properties.
• Modal model

Based on the spatial model of a structure, an analytical modal analysis gives us
the description of the vibration modes i.e. the modal model. This model results in
natural frequencies of the structure with their corresponding vibration mode shapes
and modal damping factors2.
• Response model

The analysis of how the structure will respond under given excitation conditions is
called the response model.

For a theoretical approach, the vibration analysis starts from spatial to modal and then
response model. With an experimental approach, a reverse direction is followed i.e.
starting from response model and then obtaining the modal and spatial models.

For the computation of the FE technique always an undamped system is consid-
ered. Thus, the spatial model only consists of mass M and stiffness K. For the modal
model the system without external forces is considered, for which we have

[M]{ẍ}+ [K]{x} = 0. (5.7)

Assuming a solution type of
{x} = {X}ejωt, (5.8)

(5.7) results in
(−ω2[M] + [K]){X}ejωt = 0, (5.9)

which is an eigenvalue problem. The solution of (5.9) results in N values of ω2 (ω2
1,

ω2
2, ..., ω2

N), which are the undamped system’s natural frequencies.
If we substitute any of these frequencies in (5.9), a relative value for the {X}, i.e.

{Ψr}, the so-called mode shape is obtained for the corresponding natural frequency,
as

(−ω2
i [M] + [K]){Ψi} = 0. (5.10)

2 By natural vibration, we mean the vibration of the structure without any external forces or
excitations.
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The complete solution can be expressed in two N × N matrices as

[
. . . ω2

r
. . .], [Ψ] (5.11)

5.3.2 Orthogonality properties

The modal model is orthogonal which makes the analysis easier. The orthogonality
can be stated as follows

[Ψ]T [M][Ψ] = [Mi] (5.12)

[Ψ]T [K][Ψ] = [Ki],

from which the following is valid

[ω2
i ] = [Mi]

−1[Ki], (5.13)

where Mi and Ki are referred to as the modal mass and the modal stiffness of the mode
i.
A proof of the orthogonality can be presented as follows. Starting with the equation
of motion for free vibration we have

([K]−ω2[M]){X}ejωt = 0, (5.14)

which for a particular mode is

([K]−ω2
i [M]){Ψi} = 0. (5.15)

We can then multiply (5.15) by a different eigenvector, transposed, as

{Ψk}T([K]−ω2
i [M]){Ψi} = 0. (5.16)

For the second mode a similar relation as of (5.15) can be written

([K]−ω2
k [M]){Ψk} = 0, (5.17)

which we can transpose and then multiply by {Ψi}

{Ψk}T([K]T −ω2
k [M]T){Ψi} = 0. (5.18)

Knowing that [M] and [K] are symmetric, they are identical to their transpose. Thus,
we can combine (5.16) and (5.18) which results in

(ω2
i −ω2

k){Ψk}T [M]{Ψi} = 0. (5.19)
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If ωi 6= ωk, (5.19) can only be solved if

{Ψk}T [M]{Ψi} = 0; i 6= k. (5.20)

Based on (5.15) and (5.18), the following is valid

{Ψk}T [K]{Ψi} = 0; i 6= k. (5.21)

If i = k, or if ωi = ωk, (5.20) and (5.21) do not apply. However, from (5.15) the fol-
lowing results

({Ψi}T [K]{Ψi}) = ω2
i ({Ψi}T [M]{Ψi}). (5.22)

Based on (5.12) and (5.13), we know that

{Ψi}T [M]{Ψi} = Mi (5.23)

{Ψi}T [K]{Ψi} = Ki

ω2
i =

Ki

Mi
.

Calculating all different combinations of i and k gives us the full matrix of Mi and Ki
in (5.12) and (5.13).

5.4. FE computation steps

A short overview of the FE magnetostrictive deformation calculation steps will be
given in this section. However, the calculation technique in detail is not within the
scope of this work and we refer to [30], [28], [29], [62] and [26]. For the theory behind
the finite element method, for which a two-dimensional approach is taken, we refer to
[18] . In short, the method calculates the magnetic and magnetostriction forces and the
mechanical deformations of a certain transformer core geometry. For the application
of transformers, the inputs required for the calculations are the following

• The size and the shape of the core
• The magnetic characteristics of the core material determined by the measurements

such as: the B-H loop and a model of the magnetostrictive behaviour (λ‖, λ⊥ as
function of the magnetic induction B)
• The mechanical properties of the core e.g. Young’s modulus E (see §2.5) and Pois-

son’s modulus ν

• The windings with their number of turns and the current I
• The source voltage parameters such as: the single-phase or three-phase voltage, its

amplitude and frequency and the presence of higher harmonics if any

Having the inputs, for the computation of the magnetostriction deformation a
series of steps are followed. These steps are shortly presented here and in Fig. 5.7.
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• A 2D drawing of the geometry is required, in which the properties of the core and
the windings are included.
• An electrical diagram showing the winding connections and the source power sup-

ply needs to be made.
• A mesh is generated on the basis of the 2D drawing.
• Having the generated mesh, the electrical diagram and the material properties (e.g.

the B-H characteristic) a dynamic time-stepping magnetic FE calculation is per-
formed.
• As a result of the previous step, the values of the magnetic induction B and the

magnetic field H are calculated for triangle of the mesh and for each time step.
• Based on the B and H, the magnetic stress tensor Tmf and the magnetostriction

stress tensor Tms are calculated for every triangle of the mesh and for each time
step. In this step the neural network is used to create the the magnetostriction stress
tensor Tms based on the calculated magnetic induction B. The inputs and outputs
of the neural network should be in the frequency domain. Thus, to get the inputs
of the neural network we need to do an FFT and once the outputs of the neural
network are calculated an IFFT is performed.
• Knowing the calculated magnetic stress tensor Tmf and the magnetostriction stress

tensor Tms, the total force in every node of the mesh is calculated at every point in
time. This is done on the way as explained in §5.2.4.
• According to the mechanical material properties, and the total forces in the nodes

of the mesh, a dynamic mechanical FE method is performed with a solution
through modal analysis. For the mechanical FE calculations the same mesh as
that of the magnetic calculations is used.
• From the mechanical FE computation we get the displacement results, which are

in time (frequency domain) and in space (eigen modes). These modal vibrations
are calculated in the frequency domain for every deformation mode and for every
frequency3

• In the last step, the deformation of the nodes can be calculated, which can be
performed in the time domain.

5.5. Conclusion

In this chapter, an existing method for the computation of the deformations of a mag-
netic core caused by the magnetic sources was presented. This method is based on
the FE method and considers a 2D deformation of the core. For the description of the
deformation of the magnetoelastic material the Chu model formulations were consid-
ered, which were described in chapter 2. The method requires a model of the magne-
tostrictive behaviour of the core material, which is made by using an FFNN.

3 In fact, this method implies a weak-coupled approach, which means that the deformations are
calculated after the complete calculation of all magnetic results [18].
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Figure 5.7: A flow chart of the FE computation technique for the calculation of the deformation of
a magnetic core due to the magnetic forces and magnetostriction.
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The method first calculates the magnetic induction B and the magnetic field H for
every mesh triangle. Then, based on the NN models and knowing the B the total stress
tensor is calculated. At the end, adding the mechanical properties of the core material,
the modal analysis is performed and the vibrations of the core are calculated. A short
description of the modal analysis has been presented in this chapter. A validation of
this technique will be presented in the next chapter for a single-phase transformer core.
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CHAPTER 6

Validation

6.1. Introduction

In this chapter a validation of the magnetostrictive deformation calculation technique,
which was described in the previous chapter, will be presented. In the past, the de-
formations of a three-phase test transformer core and an induction machine core were
computed by using this technique [18]. The magnetostrictive models of the core ma-
terial were then made based on the measurement results of the samples of the core
material obtained by the strain gauge setup. For the three-phase transformer core, vi-
bration measurements were performed on the core in order to validate the computation
results. However, the comparison between the two, the computed and the measured
results, was not valid mainly due to the presence of other vibration sources in the
vibration measurements. A discussion of these results will be presented further on.

In this PhD work, a new validation of the FE technique has been performed for a
single-phase test transformer core. This test transformer core design will be explained
further on. For the FE computations, the magnetostriction model of the core material
was made based on the magnetostriction strain measurement results of the samples of
the core material measured by the laser measurement setup. To validate the FE results,
the vibrations of the test transformer core were measured by using a non-contact laser
scanning vibrometer. The FE calculation results and the vibration measurement results
showed rather good agreement which will be discussed in more details.

6.2. A validation of the FE technique on a three-phase transformer

core

6.2.1 Background

In the past, the deformation of a three-phase transformer core was calculated by a FE
magnetostrictive deformation computation technique. As a validation of the FE tech-
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nique, the vibrations of the same core were measured and the results were compared
with each other [18]. The three-phase transformer core material was a grain-oriented
electrical steel type (3% Si-Fe). The magnetostriction measurements of the samples
of the core material were performed by using the strain gauge setup.

For the validation, the vibration measurements were carried out on the same test
transformer core by using an accelerometer product of Multichannel Analysis Sys-
tems, type 3550. Such a device is suitable for vibration measurement applications.
It has a sensor to measures the local vibration. Based on the application, a two or
three-dimensional acceleration signal can be measured and analysed. Since the FE
calculation is a two-dimensional technique, for the three-phase test transformer, two-
dimensional vibration measurements were performed.

Fig. 6.1 shows a picture of the three-phase test transformer core. For both the FE
calculation and the vibration measurements a purely sinusoidal magnetisation with a
frequency of 50Hz was applied. The amplitude of the magnetic induction B was as-
signed to be at the knee of the B-H characteristic of the core material. The comparison
of the results showed that the results of the vibration measurements were larger than
those of the FE (a factor of three to four times).

One of the possible reasons for such a difference was the assembly of this test
transformer. The transformer core had a lap joint assembly, which is a common assem-
bly considering the grain-oriented core material. However, the lap joint adds some ex-
tra vibrations and deformation to the magnetostrictive deformation of the core. Since
only the magnetostriction deformation was modelled in the FE computation technique,
the deformation contribution of the lap joints was not taken into account for the cal-
culations. Thus, as the FE results did not correlate with the results of the vibration
measurements and the FE technique was not really validated. The assembly of the
three-phase test transformer and the result discussion will be further explained in the
following sections.

6.2.2 Transformer assembly

Transformer cores consists of a stack of laminations in most cases of grain-oriented
electrical steel. Compared with nonoriented electrical steels, grain-oriented materi-
als have a higher magnetic permeability and lower hysteresis losses, in addition to a
lower magnetostriction strain along the rolling direction of the material. This means
that in the case of grain-oriented material, the induced magnetic induction B (along the
rolling direction) is higher for the same applied magnetic field H compared with the
case of nonoriented materials. However, the magnetic properties of the grain-oriented
electrical steel are significantly different in the other directions than the rolling di-
rection of the material. Therefore, the application of grain-oriented electrical steel is
beneficial in transformer cores if the transformer assembly allows the magnetic flux to
pass along the rolling direction of the material. To this end, a lap joint assembly, over-
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Figure 6.1: The three-phase test transformer core setup used for the validation.

lapping the laminations in the corners, is often applied as it allows the flux to always
follow the rolling direction of the material1.

Fig. 6.2 shows the assembly of a transformer and a single-step and multi-step lap
assemblies. In the single-step lap assembly the sheets are in packets of two and in
the multi-step lap assembly the sheets are in packets of five. Each packet has a joint
displaced relative to the adjacent packet. With such design assemblies, the flux passes
along the rolling direction all over the core except at the corners.

However, the flux path that goes from one lamination to another one inevitably
passes through the very small air gaps between the two laminations, which creates an
attractive interlaminar force. Therefore, in addition to the magnetostrictive vibrations,
vibrations due to the clamping of the joint regions of the laminations are generated as
well [3], [5], [8] and [63].

6.2.3 Results discussion

In the FE calculations of the three-phase test transformer core only the magnetostric-
tive deformation was modelled and calculated. However, for the validation of the FE
results, the vibrations and deformation of the magnetised core due to the magnetostric-
tion and the attractive interlaminar force of the lap corners were measured. Thus, the
measured results were larger than the computed results as a result of the contribution
of the corners. In fact, the computed and the measured results were incomparable since
the conditions under which the comparison was made were not similar.

Moreover, the magnetostrictive model for the FE calculation was based on the
measurement results obtained by the strain gauge setup. As mentioned in chapter 3,

1 In the corners the flux pattern is not uni-directional anymore.
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Figure 6.2: A transformer core with a single-step and multi-step lap joint assemblies in which the
laminations are in packets of two and five, respectively. The air gaps, where once the flux passes
cause an attractive interlaminar force, are shown with white color.

with the strain gauge setup the coating of the samples was partly removed for a proper
attachment of the strain gauges. The material of the three-phase test transformer was
grain oriented GO-I2. Regarding the measurement results obtained by the strain gauge
setup and a comparison with those measured by the laser setup on this material type the
coating effect was considerable, see §4.2.2. The magnetostriction strains of the coated
samples were significantly smaller than those of the non-coated samples. Therefore,
if the measurement results of the coated samples were applied for the FE calculation
technique of the three-phase test transformer, the contribution of the noise of the cor-
ners compared with the magnetostriction noise, would be more than three to four times
as was resulted in the past.

6.2.4 The motivations for a new test transformer

As reported in the previous chapters, the accuracy of the magnetostriction strain mea-
surement results by using the laser setup is higher than those with the strain gauge
setup. The possibility of the measurements of the coated samples is another advantage
of the laser setup over the strain gauge setup. Therefore, a magnetostrictive model of
a test setup based on the measurement results of the laser setup should better present
the magnetostrictive behaviour of the test setup material.

Moreover, assuming that the FE calculation technique for the three-phase test
transformer core could not be successfully validated because of the extra noise source,

2 Lamination of 3% Si-Fe with 0.9W/kg losses at 1.5T and 50Hz which has been previously
named as GO-I.
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Figure 6.3: Schematic depiction of the single-phase test transformer core and the coordinate sys-
tem (left); the core with only the primary magnetisation winding where one leg is left free for the
vibration measurements (right).

another test setup which only resembles the magnetostrictive noise and deformation
would thus be better.

On the one hand the advantages of the laser measurement setup and on the other
hand a new test setup (representing only the magnetostrictive noise) motivated us for
a new validation.

6.3. A validation of the FE technique on a single-phase transformer

core

The test setup this time was a single-phase transformer core 30cm×30cm with 5cm
leg width, as shown in Fig. 6.3(left). The core consists of 50 laminations with a total
thickness of 2.5cm where each lamination was 0.5mm thick. To resemble only the
magnetostrictive deformation, a simple transformer assembly without any lap joint
has been considered. To this end, the laminations were cut out of one piece, so that
there is no air gap along the the flux path. Using a grain-oriented material for the
test transformer with the described assembly was not a suitable choice, because of
the strong anisotropy of the material. Applying a grain-oriented material would have
resulted in a transformer with significantly different magnetic properties in each pair of
the legs. To avoid this, a nonoriented material type with uniform magnetic properties in
every direction was preferred. Such a test transformer is perhaps not a realistic design,
however, the aim is to validate the FE magnetostrictive deformation prediction. The
test transformer core is built out of nonoriented electrical steel type M350-50A3.

3 Such material has 3.5W/kg loss at 1.5T and 50Hz.
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6.3.1 Spark erosion technique

The laminations were cut by using the spark erosion technique to avoid any harm to the
magnetic properties of the material due to the cutting. The machine used for the cutting
has an accuracy of 1µm. Spark erosion is a manufacturing process to obtain a desired
shape by using Electrical Discharges Machines (EDM). In this case, the sample is
placed in a dielectric liquid between two electrodes. By connecting a voltage source
to the electrodes, a series of rapidly recurring discharges (sparks) are generated. If
the distance between the two electrodes is reduced, the electric field between them
is stronger than the dielectric strength. As a result, a current flows between the two
electrodes which is converted into heat. The surface of the sample is then strongly
heated in the tiny area of discharge channel which forms a small crater. To obtain a
certain shape of the sample, a series of the discharges is used, one next to the other.
Thus, new craters are formed next to the previous ones.

6.3.2 Windings and connections

The magnetic core has only one winding, with 280 turns. The core is wound over three
legs to spread the flux uniformly all over the core and avoid a local magnetisation [64].
The fourth leg is left free for the vibration measurements. We call this leg the “free
leg”. The wound test transformer core is shown in Fig. 6.3(right). For the vibration
measurements, a magnetisation signal is generated in the PC and then amplified by
a linear amplifier. A resistance is connected in series with the magnetisation winding
to avoid a high inductive load. This resistance is only 7% of the total impedance and
thus the magnetization voltage signal form is not disturbed. The voltage drop over the
resistance is compensated in the LabVIEW program to obtain the desired voltage and
the magnetic induction amplitudes over the core itself, as explained in §3.5.3.

6.4. Validation results under a purely sinusoidal magnetisation

In this section, the FE calculation results and the vibration measurement results of the
single-phase transformer core will be presented and compared with each other.

6.4.1 FE calculation results

The magnetostriction strains of the samples of M350-50A laminations, which were
used in the new test transformer core, were measured by using the laser measurement
setup. Although nonoriented electrical steels are in general isotropic compared with
the grain-oriented materials, still some degree of anisotropy exists in the magnetic
properties of these materials. Since the core laminations of the single-phase test trans-
former are cut in one piece, the flux does not follow the same direction of the material
along the four legs. In fact, the flux is parallel to the rolling direction for two legs and
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perpendicular to the rolling direction for the other two legs. Therefore, the magne-
tostriction strains of two types of samples were measured, samples cut along with and
samples cut transverse to the rolling direction of the material. For each sets of sam-
ples, the magnetostriction strains in the parallel and perpendicular directions to the
applied magnetic fields were measured under purely sinusoidal magnetic inductions
with amplitudes from 0.1T to 1.7T in steps of 0.1T at a 50Hz frequency.

As presented in §3.5.3, for a sinusoidal magnetisation of the samples, iterative
form control and amplitude control were performed. The PC-generated magnetic in-
duction signal was corrected in a feedback loop to acquire a sinusoidal form with
the correct amplitude. For each magnetic induction amplitude B[T], five measure-
ments were performed and the average data were post-processed in the frequency
domain. Looking at the frequency spectrum, the harmonics higher than four times
the base frequency were relatively small and thus were neglected. The 100Hz and
200Hz harmonics were used for the data modelling of the material for the FE cal-
culations. Magnetostriction models in the parallel and perpendicular directions to the
uni-directional magnetisation direction were designed by using ANNs for each sets of
samples B− λ‖ and B− λ⊥, respectively. The NN modeling and the FE technique
have been presented in chapter 5. The deformations of the core were then calculated
for the nodes shown in Fig. 6.4 on the free leg of the core. The results obtained by
the FE calculation in the frequency spectrum under a purely sinusoidal magnetisation
with 1.2T amplitude and 50Hz are shown in Table. 6.1.

3

2

1

Figure 6.4: The three nodes along the free leg of the test transformer where the FE calculations and
the vibrations measurements are performed.

6.4.2 Vibration measurement

To validate the FE calculation results, the vibrations of the test transformer core have
been measured by using a laser scanning vibrometer. The principle of such a vibrom-
eter has been presented in §3.4.2. The measurements have been performed at the de-
partment of Mechanical Engineering, Acoustics and Vibration research group at the
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Free University of Brussels (VUB). The scanner was a PSV-400 vibrometer Polytec
laser, which consists of a sensor head with an integrated scanning unit, a controller and
a data acquisition and management system. A Polytec software package is designed
for the device control, data processing and also the visualisation of the measurement
results. The system works based on the Doppler effect, sensing the frequency shift of
a back-scattered light from a moving object [65]. The scanner has multiple resolutions
and can be adjusted as low as 0.2 mm/s/V. The suitable resolution range can be ad-
justed by the user, based on the measurement scale. For the transformer core vibration
measurements, the highest sensitivity with 0.2 mm/s/V was used. The measurements
can be made over a wide frequency bandwidth. Later on only the dominant frequencies
can be chosen for post-processing.

To avoid any friction of the transformer core with the underlying surface, the core
was hung from a frame in a horizontal plane parallel to the ground. In this way also
the core weight is evenly distributed all over the plane. The laser head was pointed at
the free leg of the transformer, as shown in Fig. 6.5. The laser measured the selected
nodes of the core for preselected time intervals, based on the adjustment by the user,
and then the average data of the measured velocities were saved. According to the av-
erage velocity signals, the deformation of the core was calculated in the same Polytec
software. If the scanner laser beam is not well received, e.g. for the nodes between
two laminations where the reflection of the laser beam is low, the scanner continues
the measurements until a valid signal is received. In addition, the scanner can perform
an automatic surface scan for a series of nodes in a grid pattern and display the results
in a 3D animation. The density of the nodes in the grid is user defined. The scanner
then probes the entire grid automatically using an interactive measurement grid.

The vibrations of the core were measured under a purely sinusoidal magnetisation
with 1.2T amplitude and 50Hz at the same nodes where the FE calculation were per-
formed. To this end, the LabVIEW program for the magnetic induction B control was
applied, see §3.5.3, to make sure a purely sinusoidal applied voltage. The results are
presented in Table 6.1.

Table 6.1: The 100Hz and 200Hz magnitude [m] and phase spectrum [rad] of the nodes shown in
Fig. 6.4 calculated by the FE magnetostrictive deformation computation technique and measured by
the PSV-400 scanning vibrometer.

FE calculation results vibration measurement results
node 100Hz 200Hz 100Hz 200Hz

1 3.67E-7∠0.06 1.88E-8∠−2.18 3.81E-7∠−0.23 4.59E-8∠−2.61
2 3.59E-7∠0.05 1.74E-8∠−2.10 2.07E-7∠−0.08 5.33E-8∠1.97
3 3.59E-7∠0.05 1.76E-8∠−2.11 1.30E-7∠−0.32 6.30E-8∠1.58

As can be observed in Table. 6.1, the 100Hz harmonic component magnitude is
relatively larger than that of the 200Hz and thus the former defines the deformation of
the nodes. However, regarding the noise issue the 200Hz harmonic component effect
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Figure 6.5: The PSV-400 scanning vibrometer laser beam pointed at the free leg of the transformer
core. For the magnetisation of the core, the PC generated magnetisation signal is amplified.
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Figure 6.6: The test transformer free leg surface scan for a grid pattern of nodes. The nodes where
the vibrations are measured are in green color, those being measured are in red and the ones where
the vibrations are still to be measured are presented in blue color.

should not be neglected. The magnitudes of the 100Hz deformation for both the calcu-
lated and the measured results are of the same order. According to Fig. 6.4 node 1 is at
the corner and 3 in the middle. Looking at the 100Hz data, the vibration measurement
results show that it deforms indeed more at the corners, node 1 for example. However,
the FE calculation results shows similar deformations along the whole leg.

To investigate the deformation of the magnetised test core a surface scan of the free
leg has been performed and the results have been visualised in a three-dimensional an-
imation. A picture of the interface software is presented in Fig. 6.6, which shows the
grid pattern of the nodes. The nodes where the vibrations are measured are in green
color, those being measured are in red and the ones where the vibrations are still to
be measured are in blue. Fig. 6.7 shows two pictures of the animation, when the core
free leg surface shows the maximum (the top picture) and the minimum (the bottom
picture) magnetostrictive deformations. It is observed that in fact the core free leg does
not deform uniformly all over the surface but more in the corners. The FE technique
calculates the deformation in two-dimensions. Because of the two-dimensional ap-
proach of the computation method, the fact that the core in the z-direction is built up
from a stack of laminations is not taken into account. As a result, neglecting the third
dimension in the calculation can be a possible reason for the differences between the
computation and the measurement results.

To summarize, the comparison between the measured and computed deformations
shows a good agreement. Both the 100Hz and the 200Hz harmonic components are of
the same order. For node 1 the 100Hz data are similar. Regarding the 200Hz harmonic
component, the results are slightly different. The vibration eigen modes can also be
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Figure 6.7: A 3D vibration measurement of the free leg of the single-phase test transformer core un-
der a purely sinusoidal magnetic induction with 1.2T amplitude and 50Hz representing the maximum
(inward) and the minimum (outward) deformations from the top to the bottom, respectively.

calculated by FE. As shown in Fig. 6.8 the shape of these eigen modes is rather com-
plex and the deformation we measure is in fact the addition of these.

6.5. Vibration measurement under a sinusoidal magnetisation with

a third harmonic component

In addition to the purely sinusoidal magnetisation, the deformation of the single phase
test transformer core under a sinusoidal magnetisation with a third harmonic compo-
nent was measured. Previously, the magnetostrictive behaviour of the core material,
samples of the nonoriented M350-50A, under a sinusoidal magnetisation with a third
harmonic was presented in §4.3.1. The results showed the significant influence of the
amplitude and especially the phase delay of the third harmonic on the magnetostriction
strain harmonics.

The surface of the free leg of the test transformer under a sinusoidal magnetic in-
duction with a fundamental harmonic of 1.2T amplitude and 50Hz frequency and a
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Figure 6.8: The first nine eigen eigen modes of the single-phase test transformer core calculated by
the FE technique arranged from left to right from top to bottom.

third harmonic with 6% amplitude and 0◦, 90◦ and 180◦ phase delays was scanned.
Fig. 6.9 shows three pictures of the free leg deformation animations under the afore-
mentioned phase delays from the top to the bottom corresponding to 0◦, 90◦ and 180◦

phase delays, respectively. Based on Fig. 6.9 and Fig. 6.7, two main observations can
be pointed out. All three measurements under a magnetisation with a third harmonic,
compared with that under a purely sinusoidal, show a more wavy deformation of the
free leg surface. In Fig. 6.7 the surface deformation deforms more or less in a quadratic
shape. However, the surface deformation in Fig. 6.9 shows some fluctuations in a sinu-
soidal shape in addition to the main quadratic deformation. Moreover, we can observe
in the same figure that the larger the phase delay of the third harmonic, the larger the
fluctuations. For the case of the 0◦ phase delay the fluctuations are at the leg corners.
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However, going to the 90◦ phase delay they grow more along the leg. In the case of the
180◦ phase delay the whole leg undergoes a sinusoidal deformation. Once again, we
can conclude that to consider the influence of the higher harmonics in the grid on the
magnetostrictive deformation of transformer core, both the amplitude and the phase
delay of the higher harmonic, with respect to the fundamental, play a significant role.

6.6. Conclusion

The two-dimensional FE computation technique for the calculation of the magne-
tostrictive deformation of cores of transformers and electrical machines was presented
in chapter 5. In this chapter the validation of this technique was studied. In the past, the
FE calculated results for a three-phase transformer core were compared with vibration
measurements of a similar core. However, mainly due to the step-lap assembly of the
core the comparison of the results was not analogous and thus the technique was not
validated.

In this PhD work, a new validation has been performed this time on a single-
phase transformer core with an assembly without any lap joints. The vibrations of the
core were measured by using PSV-400 scanning vibrometer. The FE results showed
similar deformations for all three nodes. However, the vibration measurement results
showed that the deformations are more significant in the leg corners. As a result, the
comparison showed good agreement for one of the three selected node and less for the
other two nodes.

The reason is that our calculation technique is 2D and thus does not account for
the 3D effect of laminations. In fact, he FE computation technique calculates a 2D
deformation, while the scanning vibrometer measured a 3D deformation. Thus, the
eigen modes of the core may not have been calculated accurately which results in
some differences. To conclude, the FE computation technique can still be improved
by going from a 2D approach to a 3D approach.

In addition, a comparison between the deformation of the free leg of the test trans-
former core under a purely sinusoidal magnetisation and a magnetisation with a third
harmonic component showed that the phase delay of the third harmonic can signifi-
cantly affect the deformation form.
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Figure 6.9: A 3D vibration measurement of the free leg of the single-phase test transformer core
under a sinusoidal magnetic induction with a fundamental harmonic of 1.2T amplitude and 50Hz and
a third harmonic with 6% amplitude and 0◦, 90◦ and 180◦ phase delays from the top to the bottom,
respectively.



CHAPTER 7

Application for a three-phase

transformer core

7.1. Introduction

The magnetostrictive deformation computation technique and a validation on a single-
phase test transformer core have been presented in chapter 5 and 6, respectively. Since
the focus of this work is on the magnetostrictive deformation of transformers, as an
application for the FE technique the vibrations of a three-phase transformer core are
calculated.

The transformer core vibrations are computed under a sinusoidal magnetisation
with a higher harmonic component. For the case of a three-phase transformer the
presence of the fifth harmonic is relevant, since this harmonic has relatively the largest
contribution in the European grid voltage [56]. To this end, the influence of the fifth
harmonic with different amplitudes and phase delays with respect to the fundamental
harmonic is considered for the FE calculations.

The chapter starts with a short overview on the effects of the higher harmonics on
network equipments and especially on transformers. Further on, the FE computation
results under a magnetisation with a fifth harmonic and a comparison with those under
a purely sinusoidal magnetisation will be presented.

7.2. Three-phase transformer under a sinusoidal magnetisation with

a fifth harmonic component

As mentioned in §4.3, the presence of higher harmonics on the grid voltage is un-
avoidable. They are mainly caused by non-linear loads connected to the grid, the ratio
of which over linear loads has rapidly increased during the last years.
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7.2.1 The importance of the study

To highlight the unwanted impacts of the higher harmonics of the grid on the network
equipments and consumer appliances below some of the most common consequences
are enumerated [56]:
• The electricity users may be subjected to voltages and currents at frequencies

which they were not designed for.
• The cables and the overhead lines are derated as a result of the additional losses.
• The network equipments and the connecting devices age faster due to the ample

harmonic currents.
Regarding power transformers, the main impact of the higher harmonics is an increase
of the rated power losses, which results in a temperature rise inside the transformer.
The heat build-up can have a negative effects on the insulation and eventually shorten
the transformer lift time. In fact the K-factor ratio, which was mentioned in §4.3,
is applied to make sure that transformers work within the design rated conditions to
avoid unwanted consequences.

In this chapter the influence of the higher harmonics of the electricity grid on the
magnetostrictive deformation of a three-phase transformer core (50kVA) is computed.
The transformer core material is the grain-oriented electrical steel1 the magnetostric-
tion strains of which have been previously presented, see §4.2.1. The dimensions of
the core laminations are 770×440mm and the core thickness is 90mm. For the calcu-
lation only a primary winding is applied to magnetise the core without any secondary
windings since there are no loads assigned.

7.2.2 Magnetisation condition

The ANN models designed (B− λ‖, B− λ⊥) for the FE computations have been
trained based on the measurement results of the samples of GO-I. The B− λ mea-
surements were performed under a sinusoidal magnetisation with a fifth harmonic
component. Different amplitudes of the fundamental harmonic of the magnetic in-
duction B have been applied, where for each the amplitude of the fifth harmonic on
the induction has been varied from 1% to 10% of that of the fundamental. The phase
delay of the fifth harmonic has been changed from 0◦ to 360◦, with respect to the
fundamental. These results were presented in §4.3.2.

7.3. FE computation results

The FE computations of a real three-phase transformer core have been performed
under a magnetisation for which the amplitude of the fundamental harmonic of the
voltage has been assigned to 340V, corresponding to an average magnetic induction

1 Lamination of 3% Si-Fe with 0.9W/kg losses at 1.5T and 50Hz which has been previously
named as GO-I.
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with a fundamental harmonic amplitude of 1.3T. Three different amplitudes have been
assigned to the fifth harmonic on the voltage 15%, 30% and 45% of that of the fun-
damental harmonic. For each of the fifth harmonic amplitudes, phase delays of 0◦,
90◦, 180◦ and 270◦ have been considered. The deformations have been all computed
in the frequency domain and eigen modes have been calculated. The results for the
first seven eigen modes for both 100Hz and 200Hz harmonics are presented in the
following sections.

7.3.1 100Hz harmonic data

The magnitude of the first seven eigen modes for the 100Hz harmonic under a purely
sinusoidal magnetisation and a sinusoidal magnetisation with a fifth harmonic with
15% amplitude ratio is shown in Fig. 7.1. The abscissa shows the fifth seven eigen
modes under a purely sinusoidal magnetisation and those under a magnetisation with
a fifth harmonic with 0◦, 90◦, 180◦ and 270◦ phase delays, respectively. Fig. 7.2 and
Fig. 7.3 show similar data under a magnetisation with a fifth harmonic for which
the amplitude percentage of the fifth harmonic has been assigned to 30% and 45%
respectively of that of the fundamental.

Looking at these figures, the first eigen mode is always higher under a purely
sinusoidal magnetisation. It decreases when there is a fifth harmonic with 0◦ delay,
and even reduces for a 90◦ delay. An increase of the first eigen mode is observed for
a fifth harmonic with 180◦ delay, compared with that for a 90◦ delay. Going from
a fifth harmonic with 180◦ to 270◦ and 360◦ phase delay (similar to the case of 0◦

delay) the magnitude of the 100Hz harmonic of the first eigen mode decreases again.
The variations of the second and third eigen modes are small. The fourth mode is
always higher in the case of a purely sinusoidal magnetisation than for those under a
sinusoidal magnetisation with a fifth harmonic component. Variations of the relative
amplitude and the phase delays of the fifth harmonic do not show significant changes
on the fourth eigen mode. The last three eigen modes, i.e. fifth, sixth and seventh,
remain almost unaffected by the fifth harmonics.

7.3.2 200Hz harmonic data

Similar to the figures for the magnitude of the 100Hz harmonic, Fig. 7.4, Fig. 7.5 and
Fig. 7.6 show the magnitude of the first seven eigen modes for the 200Hz harmonic
under the same magnetisations. In the same manner, the abscissae are the first seven
eigen modes under a purely sinusoidal magnetisation and those under a magnetisation
with a fifth harmonic component with 0◦, 90◦, 180◦ and 270◦ phase delays, respec-
tively.

In general, we can see that the 200Hz harmonic magnitude variations are rela-
tively larger than those of 100Hz harmonic. In all three figures, the magnitudes of the
first seven eigen modes for the 200Hz harmonic under a magnetisation with a fifth
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Purely sine versus a sine magnetisation with 15% fifth harmonic

Figure 7.1: The magnitude of the first seven eigen modes for the 100Hz harmonic of a three-phase
transformer core under a purely sinusoidal voltage and a sinusoidal voltage with a fifth harmonic
with 15% amplitude ratio and 0◦, 90◦, 180◦ and 270◦ phase delays.
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Purely sine versus a sine magnetisation with 30% fifth harmonic

Figure 7.2: The magnitude of the first seven eigen modes for the 100Hz harmonic of a three-phase
transformer core under a purely sinusoidal voltage and a sinusoidal voltage with a fifth harmonic
with 30% amplitude ratio and 0◦, 90◦, 180◦ and 270◦ phase delays.
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Purely sine versus a sine magnetisation with 45% fifth harmonic

Figure 7.3: The magnitude of the first seven eigen modes for the 100Hz harmonic of a three-phase
transformer core under a purely sinusoidal voltage and a sinusoidal voltage with a fifth harmonic
with 45% amplitude ratio and 0◦, 90◦, 180◦ and 270◦ phase delays.

harmonic component on the voltage are larger than those under a purely sinusoidal
magnetisation.

The reason for it can be presented based on the relation between the magnetostric-
tion strain λ and the magnetic induction B. Previously, it has been explained that
magnetostriction strains are proportional to the square of the magnetic induction, see
§2.6.5. In this case, the magnetic induction contains a fundamental frequency f of
50Hz and a fifth harmonic. Neglecting the phase delay between the fundamental and
the fifth harmonic, the total magnetic induction can be expressed as

B(t) = B1 cos(ωt) + B5 cos(5ωt), ω = 2π f , (7.1)

where B1 and B5 are the amplitude of the fundamental and the fifth harmonic compo-
nents, respectively. Thus, magnetostriction strain λ is then proportional to the square
of the total magnetic induction B as

λ ∝ (B1 cos(ωt) + B5 cos(5ωt))2 (7.2)

= B2
1 cos2(ωt) + B2

5 cos2(5ωt) + B1B5 cos(ωt + 5ωt)cos(ωt− 5ωt),

where the first and the second terms contain 0 and 100Hz and 0 and 500Hz, respec-
tively. The last term contains the sum and the subtract of the two frequencies, i.e.
200Hz and 300Hz frequencies. As a result we can see that the superposition of a
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fundamental frequency of 50Hz and a fifth harmonic generates a 200Hz term and thus
such harmonic component has a significant increase compared with that under a purely
sinusoidal magnetisation.

Increasing the amplitude percentage of the fifth harmonic, from 15% to 30% and
45%, increases the magnitude of the 200Hz harmonic component clearly.
Regarding the phase delay of the fifth harmonic, with represent to the fundamental, an
increase from 0◦ to 90◦ delay increases the magnitude of all the seven eigen modes
for the 200Hz harmonic component. Going from 90◦ to 180◦ delay decreases the
magnitude of the 200Hz harmonic of all the modes except the fourth one. With a
further increase of the phase delay to 270◦ the 200Hz harmonic magnitude variations
are very small but slightly different with different percentages of the fifth harmonic
component. For the case of a 15% fifth harmonic, all the modes show a decrease. For
the case of a 30% fifth harmonic some modes slightly increase and some decrease. For
the case of a 45% fifth harmonic, some modes increase and some stay constant. Going
from a 270◦ phase delay to 360◦ (similar to the case of 0◦ delay) the magnitude of
the 200Hz harmonic of all the modes decrease. In general, the variations of the phase
delay of the fifth harmonic on the voltage have more effect on the first four eigen
modes than on the last three modes.
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Purely sine versus a sine magnetisation with 15% fifth harmonic

Figure 7.4: The magnitude of the first seven eigen modes for the 200Hz harmonic of a three-phase
transformer core under a purely sinusoidal voltage and a sinusoidal voltage with a fifth harmonic
with 15% amplitude ratio and 0◦, 90◦, 180◦ and 270◦ phase delays.

To clearly see the variations of the magnitude of the first seven modes for the
200Hz harmonic under a magnetisation with different percentages of the fifth har-
monic Fig. 7.7, Fig. 7.8, Fig. 7.9 and Fig. 7.10 are plotted. The abscissa in Fig. 7.7
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Purely sine versus a sine magnetisation with 30% fifth harmonic

Figure 7.5: The magnitude of the first seven eigen modes for the 200Hz harmonic of a three-phase
transformer core under a purely sinusoidal voltage and a sinusoidal voltage with a fifth harmonic
with 30% amplitude ratio and 0◦, 90◦, 180◦ and 270◦ phase delays.
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Purely sine versus a sine magnetisation with 45% fifth harmonic

Figure 7.6: The magnitude of the first seven eigen modes for the 200Hz harmonic of a three-phase
transformer core under a purely sinusoidal voltage and a sinusoidal voltage with a fifth harmonic
with 45% amplitude ratio and 0◦, 90◦, 180◦ and 270◦ phase delays.

represents the first seven eigen modes with a fifth harmonic always with a 0◦ phase de-
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lay and with 15%, 30% and 45% amplitude ratios, respectively. The abscissae in Fig.
7.8, Fig. 7.9 and Fig. 7.10 are similar to that of Fig. 7.7, but for the phase delays of
90◦, 180◦ and 270◦, respectively. We can clearly see that the magnitude of the 200Hz
always increases with an increase of the amplitude percentage of the fifth harmonic
on the applied voltage, regardless of its phase delay with respect to the fundamental
harmonic component.
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Figure 7.7: The magnitude of the first seven eigen modes for the 200Hz harmonic of a three-phase
transformer core under a sinusoidal voltage with a fifth harmonic with 15%, 30% and 45% amplitude
ratios with 0◦ phase delay.

The ratios of the magnitude of the 200Hz harmonic of the first four eigen modes
under a magnetisation with a fifth harmonic component over those under a purely
sinusoidal magnetisation are presented in Table 7.1. Once again, we can see how the
increase of the relative amplitude and the phase delay of the fifth harmonic affects the
magnitude of the 200Hz harmonic.

7.4. Results discussion

According to the presented results for the 100Hz and 200Hz harmonics of the first
seven modes of the magnetostrictive vibrations of the three-phase transformer core
the followings can be concluded.
• 100Hz data

In general, the magnitude of the first seven eigen modes for the 100Hz harmonic
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Figure 7.8: The magnitude of the first seven eigen modes for the 200Hz harmonic of a three-phase
transformer core under a sinusoidal voltage with a fifth harmonic with 15%, 30% and 45% amplitude
ratios with 90◦ phase delay.

stays almost the same. In another word, the magnitude of the 100Hz harmonic
under a purely sinusoidal voltage is similar to those under a sinusoidal voltage
with a fifth harmonic component. The variations of the amplitude percentages or
the phase delays of the fifth harmonic, with respect to that of the fundamental, also
do not result in significant changes of the 100Hz harmonic.
• 200Hz data

For the case of the magnitude of the first seven eigen modes for the 200Hz har-
monic of the magnetostrictive vibrations of the three-phase transformer core sig-
nificant variations are observed. Presence of a fifth harmonic on the applied voltage
always causes an increase of the 200Hz magnitude, compared with the case of a
purely sinusoidal applied voltage.

In the case of a magnetisation with a fifth harmonic component, a higher per-
centage of the fifth harmonic clearly results in a higher 200Hz harmonic magni-
tude, see Fig. 7.7, Fig. 7.8, Fig. 7.9 and Fig. 7.10 and Table 7.1.

The phase delay of the fifth harmonic on the applied voltage, also has an influ-
ence on the magnitude of the 200Hz harmonic components. In general, an increase
of the phase delay from 0◦ to 90◦ and up to 180◦ increases the magnitude of the
200Hz harmonic. Further increase of the phase delay from 180◦ to 270◦ causes an
increase in the cases of an applied voltage with a fifth harmonic with 30% and 45%
amplitude ratios and a decrease in the case of a magnetisation with a fifth harmonic
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Figure 7.9: The magnitude of the first seven eigen modes for the 200Hz harmonic of a three-phase
transformer core under a sinusoidal voltage with a fifth harmonic with 15%, 30% and 45% amplitude
ratios with 180◦ phase delay.

with 15% amplitude ratio. Further increase of the phase delay up to 360◦ causes a
decrease of the 200Hz harmonic magnitude.

So, we can say that among all the results, the lowest magnitude of the 200Hz
is obtained under a purely sinusoidal magnetisation. The highest magnitude of the
200Hz is often for the case of a sinusoidal applied voltage with a fifth harmonic
with 180◦ or 270◦ phase delays, see Fig. 7.4, Fig. 7.5, Fig. 7.6 and Table 7.1. For
a fifth harmonic with 15% amplitude ratio and 180◦ phase delay, an increase with
a factor of 2.641 results for the first eigen mode compared with the result under
a purely sinusoidal magnetisation. If the ratio of the fifth harmonic increases to
30% and 45% of that of the fundamental with a phase delay of 270◦, the 200Hz
magnitude of the first eigen modes increases with a factor of 4.472 to 5.835. For
the fourth eigen mode, which is the largest among the first seven modes, the dif-
ferences between the magnitude of the 200Hz harmonic under a purely sinusoidal
magnetisation and a sinusoidal magnetisation with 180◦ phase delay is even larger.
For a 15%, 30% and 45% fifth harmonic ratio, an increase with a factor of 2.886,
4.929 and 7.242 are observed, respectively.

Three-phase transformer core deformation eigen modes

The three-phase transformer core deformation for the first seven eigen modes are
shown in Fig. 7.11. Table. 7.2 show the core resonance frequencies.
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Figure 7.10: The magnitude of the first seven eigen modes for the 200Hz harmonic of a three-phase
transformer core under a sinusoidal voltage with a fifth harmonic with 15%, 30% and 45% amplitude
ratios with 270◦ phase delay.

7.5. Conclusion

Magnetostrictive vibration eigen modes of a three-phase transformer core under a si-
nusoidal magnetisation with a fifth harmonic component, which has been computed
by the FE technique, were presented in this chapter. A comparison of the results with
those under a purely sinusoidal magnetisation showed that in general the variations
of the magnitude of the eigen modes for the 100Hz harmonic are small. However, the
200Hz harmonics show a significant increase when there is a fifth harmonic on the
applied voltage.

A higher percentage amplitude ratio of the fifth harmonic on the voltage resulted
in a higher magnitude of the 200Hz harmonic component. The variations of the phase
delay of the fifth harmonic with respect to that of the fundamental harmonic of the
applied voltage also caused significant variations of the 200Hz magnitude.

To conclude we can say that the influence of the presence of the higher harmonics
in the grid voltage on the magnetostrictive deformation of transformer cores should not
be under-estimated. To study such effect, considering only the amplitude percentage
of such higher harmonics is not sufficient and their phase delays must be also taken
into account.
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Table 7.1: The ratio of the magnitude of the first four eigen modes for the 200Hz harmonic of
the core vibration under a magnetisation with a fifth harmonic compared with that under a purely
sinusoidal magnetisation,

a) fifth harmonic with 15% amplitude ratio and 0◦, 90◦, 180◦ and 270◦ phase delays,
with respect to that of fundamental.

mode 15%-0◦ 15%-90◦ 15%-180◦ 15%-270◦
1 1.407 1.897 2.641 2.216
2 1.567 3.002 2.939 2.373
3 1.214 2.527 2.050 1.491
4 1.4238 2.664 2.886 2.364

b) fifth harmonic with 30% amplitude ratio and 0◦, 90◦, 180◦ and 270◦ phase delays,
with respect to that of fundamental.

mode 30%-0◦ 30%-90◦ 30%-180◦ 30%-270◦
1 2.051 3.103 3.159 4.472
2 3.420 5.103 4.814 5.168
3 2.866 4.109 3.710 3.540
4 3.438 4.554 4.929 4.633

c) fifth harmonic with 45% amplitude ratio and 0◦, 90◦, 180◦ and 270◦ phase delays,
with respect to that of fundamental

mode 45%-0◦ 45%-90◦ 45%-180◦ 45%-270◦
1 2.136 3.119 4.412 5.835
2 5.533 7.405 7.366 7.824
3 5.076 6.353 5.719 5.776
4 5.919 6.803 7.242 7.244

Table 7.2: The resonance frequencies corresponding with the first eight eigen modes.

mode Resonance frequency [kHz]
1 11.735
2 22.980
3 42.244
4 48.513
5 56.879
6 58.771
7 65.038
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Figure 7.11: The first seven eigen mode of the magnetostrictive deformation of the three-phase
transformer core.
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CHAPTER 8

Conclusion and suggestions for

future research

8.1. General conclusions

The ultimate goal of the research on magnetostriction is to reduce vibrations and noise
of electrical machines and transformers. This research is in fact interdisciplinary and
requires knowledge in different engineering disciplines e.g. mechanical, electrical and
material research.

The aim of the research presented here is to study this subject from the electrical
point of view with a focus on the magnetic sources of noise. Such noise is itself gener-
ated in the core of the device. To lower the magnetic noise an optimization method is
required. Such a method should contain a sub-method to first calculate the vibrations
of the core. This computation method has been developed in the past, which consid-
ers both the effects of the electromagnetic forces and magnetostriction. It computes
the 2D deformation of the core based on the FE technique. The contribution of the
electromagnetic forces can be analytically calculated. However, for the contribution
of magnetostriction a model of the behaviour of the core material is necessary, which
must be developed based on experimental data.

In general, magnetostriction is a complex magneto-mechanical phenomenon. It
strongly depends on the material composition, the applied magnetic induction and the
presence of any external forces. As a result, magnetostriction strain measurements are
challenging and even though many setups have been developed so far, still a unique
approach to thoroughly identify the magnetostrictive behaviour of different materials
is missing.

A setup has been developed in the past in EELAB which was based on the
strain gauge technique. This setup measures 2D magnetostriction strains under a uni-
directional magnetisation. The magnetostriction strains are measured only as a func-
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tion of an externally applied magnetic induction and any external pressure is avoided
to the sample. The results obtained by this setup were accurate under magnetic in-
ductions larger than 0.8T. However, this strain gauge setup could not measure the
magnetostriction strains of coated samples and thus a new setup was built during this
PhD work.

This new setup, which is based on laser technique, also measures 2D magnetostric-
tion strains under a uni-directional magnetisation. Comparing the magnetostriction
strain measurement results of non-coated samples of grain-oriented and nonoriented
electrical steel obtained by the laser setup, with those obtained by the strain gauge
setup, similar peak to peak amplitudes were observed. However, the accuracy of laser
measurement results was relatively higher. Measuring the magnetostriction strains of
the coated samples of the same materials by the laser setup was an achievement with
this setup. The results clearly showed how the application of coating on electrical steel
laminations is beneficial in lowering the magnetostrictive strains.

Magnetostriction strain measurement under a sinusoidal magnetisation with a
higher harmonic component also was a new step in this work. The measured strains
under a sinusoidal magnetisation with a third harmonic component showed that only
knowing the amplitude of the higher harmonic is not sufficient to estimate the vari-
ations of the magnetostriction. The phase delay of such higher harmonic can signifi-
cantly affect the magnetostriction strains. For a magnetisation with a third harmonic
component, both the 100Hz and (in particular) the 200Hz harmonics of the magne-
tostriction strains change significantly. The measurement results under a sinusoidal
magnetisation with a fifth harmonic on a grain-oriented electrical steel showed not
much influence on the 100Hz harmonic of the magnetostriction strains. However, it
showed a significant influence on the 200Hz harmonic of the magnetostriction strains.
Similar to the measurements with a third harmonic, the results under a magnetisation
with a fifth harmonic highly depend on the amplitude and phase delay of that of the
fifth harmonic.

In the next step, the FE method for the deformation computation has been vali-
dated on a test transformer core, based on the measurement results obtained by the
laser setup. The test transformer had a special design to only model the vibrations
of the core due to magnetostriction. The modelling of magnetostriction strain results
has been done by ANN. Such modelling has been previously proved to offer a high
accuracy and short calculation time which is necessary for the optimization method.

After validating the FE technique, in the next step the method has been improved
to consider the presence of the higher harmonics on the magnetisation signal. This
is important for calculating the magnetostrictive vibrations of transformers, since the
grid voltage is never purely sinusoidal.

In the end, the effect of the fifth harmonic of the grid on the magnetostrictive
deformation of a three-phase transformer core is calculated by the FE method. The
results showed the significant influence of the fifth harmonic especially on the 200Hz
harmonic of the magnetostriction. Considering a fifth harmonic with 45% amplitude
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percentage and 270◦ phase delay, with respect to the fundamental harmonic, the first
eigen mode of the core increases more than five times compared to that under a purely
sinusoidal magnetisation. Under the same magnetisation, the variation of the fourth
eigen mode is higher than seven times compared to that under a purely sinusoidal
magnetisation.

In this PhD only transformers are considered, however, the work can be easily
applicable to other electrical machines, as well.

8.2. The novelty of this PhD work

The research contains some original and novel work which are listed below:

The magnetostriction strain measurement setup which has been developed during
this PhD work is a novel setup. The application of the laser vibrometers for the strain
measurements has been reported in the past. However, the developed setup does not
require a calibration for every time use, which makes the measurements faster and
lowers the errors. Moreover, since the lasers have a compact design, the setup can be
easily used by people who do not have a background about laser techniques.

The magnetostriction strains reported in the literature, are often performed
under a purely sinusoidal magnetisation. Some measurements are reported under a
sinusoidal with a higher harmonic, however only the harmonics in phase with the
fundamental harmonic are considered. In this work, measurements are performed
under a sinusoidal magnetisation with a higher harmonic, for which different phase
delays are taken into account. The results of such study showed that the phase delay
of the higher harmonic of the magnetisation can significantly change the harmonics
of the magnetostriction strains. Such study is especially useful for the identification
of the magnetostrictive deformations of the transformer cores.

An FE technique has been developed in the past to calculate the deformation
of the cores of transformers and electrical machines. This technique could not be
validated on a three-phase transformer core because of the lap joint assembly of the
transformer core.
In this work, a simple transformer core is designed for a single-phase transformer.
Such core has a special design to resemble only the magnetostrictive deformation.
The deformation of this core is computed and compared with the measurement
results. The comparison between the computed and the measured results showed
quite good agreement, which is also another step forward.

Previously, the FE computation technique could only calculate the deformations
under a magnetisation only with a fundamental harmonic component. Considering the
importance of the higher harmonics on the magnetostrictive behaviour, the technique
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is improved to consider the presence of the higher harmonics on the magnetisation
voltage as well.

To effect of the higher harmonics is studied on the deformation of transformer
cores. To this end, the magnetostrictive deformation of a three-phase transformer core
is calculated by the FE technique under a sinusoidal magnetisation with a fifth har-
monic component.

8.3. Suggestions for future research

Of course, this PhD is only a modest contribution to the research on magnetostriction.
There still remains a lot of research topics in this field. Some suggestions are:

Perhaps the first interesting idea is to measure magnetostriction strains in
3D. The setups developed during this PhD work and in the past are suitable for
2D measurements. However, measuring the magnetostriction strains in the third
dimension, i.e. the out-of-plane strains which corresponds to the change of a sample
in thickness, can be the next step. The strain gauge setup cannot be adapted to do
so, however, the laser setup has the potential for it. Considering the small thick-
ness of the electrical steel laminations the measurement accuracy will be a crucial task.

Another idea is measuring magnetostriction strains under an external pressure.
Since magnetic cores of transformers often contain areas of increased stress, magne-
tostriction measurements under different pressures are necessary.

Once a 3D magnetostrictive behaviour of a material is obtained, it can be interest-
ing to compute the core vibrations also in 3D. Even without a 3D magnetostrictive
model a 3D computation is possible. In other words, the magnetic computation can
be done in 2D and only the mechanical computation needs to be modelled in 3D. The
challenge can be the modelling of the core geometry in 3D. For instance for the case
of transformer cores, different lap joint assemblies and how the flux travels in such
joints should be well identified. The clamping of the laminations in such lap joints
needs to be considered. To this end, not only the magnetic but also the mechanical
properties of the core should be well known.
As a validation of such 3D method for a transformer core, vibration measurements
of the core are required. The vibration measurements presented in this work on a
single-phase transformer core were limited to a special core design without any joints.
However, this design was intended to validate the FE technique and is not realistic.

The next step toward the ultimate goal of this research is to apply the 3D core
deformation in an optimization procedure to optimize transformer core design. The
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aim of this optimization is in fact the reduction of vibrations and noise of transformer
cores.
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