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INTRODUCTION

Context and technological issues

For several years, electricity consumption has been growing steadily. This situation is due to new uses of electricity (electro-mobility, building techniques and appliances), which replace or complement those of other energy sources such as oil and natural gas in the field of heating and mobility. Electricity will therefore become more important in the future for energy supply and thus also for the economy and society. Having electricity available at all times has become a matter of course, but it is easy to forget that this complex task cannot be carried out without the electricity transmission network. Indeed, electricity grids play a key role in this supply. Among the electrical systems involved in electrical transport there are electrical transformers. Transformers are essential components in the transmission, distribution and conversion of electrical energy. Today, in the age of the all-electric era, they are increasingly used in electric means of transport such as trains and airplanes (figure 0.0.1). 

Introduction

• Electromagnetic sources However, the noise from electromagnetic sources is the most typical noise component of transformers and electrical machines. Besides the contribution of Laplace forces in conductors (in the coils), electromagnetic noise in these electrical devices is caused mainly by magnetostriction (in the ferromagnetic core) and Maxwell forces (near the air gap). As a consequence, noise and vibration are inherent characteristics of electrical devices and can not be completely eliminated. This work focuses on vibration from the transformer core considered as the dominant sources of noise in transformer.

The transformer core is made of stacked electrical steels which are fabricated from ferromagnetic material. Consequently, when they are magnetized, a deformation takes place creating undesirable vibration of the core called magnetostriction. In fact, ferromagnetic materials constitute the main elements in magnetic circuits, therefore, they must satisfy several requirements, with priorities that depend on the specific application, such as high magnetic permeability, low hysteresis losses and so on. The demand for smaller, lighter, more powerful and more efficient electrical machines is the driving force for the development of efficient electrical steel sheets. The most common alloys are iron, cobalt (aerospace industry), Nickel and some rare earths. However, because of their good quality-price ratio, iron alloys are by far the most used. In the context of this thesis, we will be interested in the study of 3%Si-Fe non-oriented grain materials. Non-oriented electrical steel sheets are incorporated into a wide range of equipment, from the simplest domestic appliances to hybrid and pure electric train. However, their magnetic and magnetostrictive properties can be harmfully influenced by mechanical stress whose sources can be various and varied (manufacturing process, cutting, assembly ...). In the work of this thesis, we seek to understand this magneto-elastic coupling and identify its effect on the magnetic and magnetostrictive behavior of the material.

In addition to the magnetostriction, following the assembly of magnetic circuit, small air gaps are involuntarily created, which gives rise to the creation of magnetic forces of Maxwell type. These forces are attractive and can be present in the plane of the sheets (assembly UI, EI ..) or out of plane (overlaps of sheets at corners). As a result, the noise generated by Maxwell forces is added to that of magnetostriction. Knowing that the two phenomena are quadratic functions of the magnetization, the determination of the main source of vibration is often difficult as they are always present and not separable in a magnetic circuit. The study presented here initially concerns magnetostriction alone and then its interaction with Maxwell forces later on. Then, we will see that the magnetostriction can interact with the dynamic behavior of a laminated structure (transformer type) and can be at the origin of a mechanical resonance.

Scientific challenges and objectives

The study presented here concerns the magneto-elastic coupling which reflects the stress effect on the magnetostrictive deformation and the magnetic properties of ferromagnetic materials. This coupling is very difficult to model and especially to observe and explain the mechanism that governs it. Another difficulty lies in the state of stress applied, a material subjected to a multi-axial stress (as in rotating machine) differs from that of a material subjected to uniaxial loading. Since the focus in this work is on transformer application, the stress state applied will be mainly uniaxial.

In addition to the stress effect, there is the anisotropy effect introduced by the manufacturing process of the materials. Whether it is a magnetic or magnetostrictive anisotropy, the description of this effect requires huge experimental means (e.g. many samples cut in different directions) which introduces a technical complexity in the modeling. To the difficulty of modeling the two phenomena in a distinct way is added that of modeling both phenomena together. That is to say, the response of the materials in different directions of magnetization (anisotropy effect) and under uniaxial loading (stress effect). The coupling of anisotropy and the stress effect has been less studied and constitute one of the main topic of this thesis.

For this investigation not to be limited to the study of the material alone, it seemed necessary to extend it to a device that is closer to an industrial application (transformer). This strategic choice involves an additional difficulty that lies in considering other phenomena in addition to the previously mentioned effects, of which the main ones are: the cutting effect, the assembly, the dynamic behavior, the magnetic forces. We took care for decreasing as much as possible the cutting effect by adopting a cutting of ferromagnetic sheets by water jet to generate the least residual stresses and a clean cut. For the others, each effect has been studied in a targeted and precise way. Besides, a finite element tools is developed to validate on a the ferromagnetic structure, in addition to magnetostriction, some of these effects such as anisotropy and magnetic forces.

The main objective of this thesis is to gain a better understanding of the electromagnetic phenomena that cause vibration and noise, mainly due to magnetostriction and then to Maxwell forces. This step is essential to then allow the creation of model and software tools to lead to efficient methods of vibration and noise reduction on sets of electromagnetic components (transformers or others ...).

Scope of the thesis work

The thesis focuses on the contribution to the development of a model for predicting magnetostrictive deformation, considered as one of the causes of electromagnetic noise from electromechanical devices. These noises can also come from the Maxwell forces present in the gap (transformer and electric motor). This work takes into account the Introduction interaction between the two phenomena in terms of vibrations generated on a laminated structure approaching more a transformer core and seeks to establish solutions that can be applied as early as the assembly stage. The present dissertation is divided into four chapters:

In a first chapter, a state of the art relating to magnetic materials is presented as well as the theory that governs the magnetization and magnetostriction processes within these materials. Then, the influence of mechanical stress on these processes is described at microscopic and macroscopic scales. Also, the different sources of mechanical stresses are discussed. Finally, the different modeling approaches used to predict magnetostriction are exposed.

In the second chapter, the magneto-elastic behavior of the plates in 3%Si-Fe electrical steel is characterized. Measurements under mechanical stress are made on different samples cut in several directions relative to the rolling direction (0°, 10°, ..., 90°) to take into account the effect of magnetic and magnetostrictive anisotropy. Then, the results of these measurements are analyzed and the variations of the magnetic and magnetostrictive properties of the material are discussed. Moreover, the studied model is presented and the consideration of the mechanical stresses effect in addition to the anisotropy is detailed. The different assumptions and parameter identification operations are illustrated. Finally, the modeling results are compared to the measurements and allow us to conclude on the robustness of the model.

In the third chapter, a laminated structure without gaps is designed from the same material previously characterized. Magnetic and magnetostrictive measurements under mechanical stresses and under two types of excitations (voltage or imposed current) are carried out. Then, two methods of measuring the magnetostriction deformation are confronted. The limits of each method are discussed. Moreover, a second structure integrating this time air gaps is set up to study the interaction between the magnetostrictive deformation and the Maxwell forces. The model already integrated in the finite element tool is developed to take into account also the influence of the Maxwell forces generated in the air gap in addition to the magnetostrictive deformation. The simulation results are initially compared with results from an analytical approach and then with measurements made on the structure.

In the fourth chapter, a study of magnetostriction-induced mechanical resonance in a laminated structure is presented. A model of the studied structure is developed including the contact effect between the sheets. Finite element calculations lead to frequencies and eigen modes. An experimental modal analysis is performed and the measurement results are compared to the simulation results. To further approach the behavior of the structure (in frequencies and modes), a numerical model based on the homogenization principle is developed. Finally, mechanical resonance due to magnetostriction is studied and the results are described.

"What one man calls God, another calls the laws of physics."

(Nicolas Tesla) CHAPTER 1

MAGNETOSTRICTION AND MAGNETO-ELASTIC COUPLING

Introduction

This introductory chapter will focus on literature review related to magnetic materials. For enabling the readers who might not be familiar with the theory behind, all basic notions are detailed as well as magnetization and magnetostriction process. Then, an emphasis is put on the influence of mechanical stress on magnetization and magnetostriction behavior of magnetic materials, from microscopic and macroscopic points of view. Next, the main sources of stress are presented and an overview of measurement techniques is described. Finally, different modeling approaches found in literature are detailed.

Basic notions on ferromagnetic materials

For a good understanding of the specific characters of ferromagnetic materials, we present in this part in the simplest possible way the basic principles that govern their behavior.

Atomic moments in ferromagnetic materials such as Iron (Fe), Nickel (Ni) and Cobalt (Co) present very strong inter-atomic interactions (figure 1.2.1a). These quantum exchange interactions give birth to parallel or anti-parallel alignment of atomic magnetic moments which leads to spontaneous magnetization even in absence of external magnetic field [START_REF] Trémolet De Lacheisserie | MAGNETISME 1, Fondements[END_REF]. The parallel alignment of magnetic moments in one direction is subdivided into small regions (microscopic) within a material, known as «domains» (Pierre Weiss 1907 [START_REF] Weiss | L'hypothèse du champ moléculaire et la propriété ferromagnétique[END_REF]) in order to minimize the magneto-static stray field energy of the sys- The state of magnetic equilibrium of the ferromagnetic material can be explained by the competition of different energy terms (microscopic scale):

E total = E exch + E ani + E d + E σ + E z (1.2.1)
• E exch means Exchange energy All the energy terms presented thereafter are energy densities (energy per volume unit). This total energy depends on the magnetization state of the material, and always tends towards an equilibrium state with a minimum energy value. A brief description of the main energy terms will be explained here but for more detailed description, you can see [START_REF] Krönmuller | Micromagnetism and the microstructure of ferromagnetism solids[END_REF] and [START_REF] Wiele | Numerical Study of Magnetic Processes: Extending the Landau-Lifshitz-Gilbert Approach from Nanoscale to Microscale[END_REF]. Every magnetic domain is characterized by its magnetization vector that can be written as follows:

- → M = M s - → α = M s t [α 1 , α 2 , α 3 ] = M s   sin(θ ) cos(φ ) sin(θ ) sin(φ ) cos(θ )   (1.2.2)
with:

--→ ||M|| = M s (1.2.
3) -→ α is a unity vector whose direction is defined by its direction cosines α 1 , α 2 and α 3 

(α 2 1 + α 2 2 + α 2 3 = 1), figure 1.2.2.

Exchange energy

The exchange energy quantifies the exchange interactions between neighboring atomic spins which align moments:

E exch = A.(grad - → α ) 2 (1.2.4)
Where A is the exchange constant, depending on the material. This energy is equal to zero when spatial variations of magnetization direction are null. Hence, this energy is generally supposed to be negligible in a magnetic domain, but plays a role in the domain wall energy, which mainly results from exchange and anisotropy energies. ´-→ M d -→ H ) required to saturate the magnetization depends on the crystallographic direction. It is therefore possible to identify «easy directions». This extra energy obeys to material symmetries. Hence, for a cubic structures, a two parameters equation is generally used:

Anisotropy energy

E ani = K 1 (α 2 1 α 2 2 + α 2 2 α 2 3 + α 2 3 α 2 1 ) + K 2 (α 2 1 α 2 2 α 2 3 ) (1.2.5)
Where α i (i = 1, 2, 3) corresponds to the local magnetization direction with respect to the crystallographic direction of the material (α 1 = cos( M, < 100 >), α 2 = cos( M, < 010 >), α 3 = cos( M, < 001 >)) . The anisotropy coefficients K 1 and K 2 are energy densities by volume (For Iron (Fe) K 1 = 4, 8.10 4 J/m 3 and K 2 = 5.10 3 J/m 3 ). They decrease very quickly with temperature and can vary according to the metallurgical preparation and in case of application of large stresses on the material. 

Basic notions on ferromagnetic materials

Demagnetizing field energy

By contrast to the exchange energy (interaction of narrowed atoms), the demagnetizing field energy corresponds to the interaction between magnetic moments of distant atoms. These interactions tend to cancel the overall polarization of the material. In other words, avoid the alignment of magnetic moments in the same direction, hence the name of demagnetizing energy [START_REF] Hubert | Magnetic Domains: the Analysis of Magnetic Microstrutures[END_REF]. Therefore, a demagnetizing field -→ H d linked with the magnetization -→ M is defined (equation (1.2.6)). This field created by and opposite to magnetization (

-→ H d = -α - → M , - → α is the direction vector), tends to demagnetize the material. - → ∇ . -→ H d = - - → ∇ . - → M (1.2.6)
If we consider the -→ H as the magnetic field modified by the material presence, the work of magnetization -→ M can be written as follow:

W = ˆµ0 - → H d - → M = ˆµ0 -→ H 0 d - → M + ˆµ0 -→ H d d - → M (1.2.7)
where -→ H 0 is the external magnetic field and -→ H d is the magnetic field due to the material magnetization (

-→ H d = -α - → M ). Thus equation (1.2.7) becomes: W = ´µ0 -→ H 0 d - → M -´µ0 α - → M d - → M = ´µ0 -→ H 0 d - → M -µ 0 2 αM 2 = ´µ0 -→ H 0 d - → M + µ 0 2 -→ H d - → M (1.2.8)
Consequently, the demagnetizing field energy is defined as:

E d = -ˆµ0 -→ H d d - → M = - 1 2 µ 0 -→ H d . - → M (1.2.9)

Zeeman energy

This potential energy reflects the interaction between the external magnetic field ( -→ H ) and the magnetization of the material, different from the demagnetizing field energy.

E z = -µ 0 . - → H . - → M (1.2.10)

Magneto-elastic energy

As its name indicates, this energy comes from the interaction between the elastic and magnetic properties of the material. In fact, it is known that the deformation of the magnetic material, whatever its origin (magnetic forces or following the application of mechanical stress) induces a variation of its anisotropy coefficients [START_REF] Trémolet De Lacheisserie | Relations entre les coefficients d'anisotropie et de couplage magnétoélastique dans les cristaux cubiques et hexagonaux[END_REF] and hence, a

Magnetostriction and magneto-elastic coupling variation of the magnetization state of the material. In other words, there is a magnetocrystalline anisotropy energy induced by crystal. Such energy can be described as follows:

E σ = - = σ : = ε µ (1.2.11)
Where = ε µ is the magnetostrictive strain tensor and = σ the applied stress tensor. In the case of a material with cubic symmetry, three parameters are sufficient to describe the magnetostriction deformation. Moreover, assuming the hypothesis of isochoric deformation [START_REF] Hubert | Magnetic Domains: the Analysis of Magnetic Microstrutures[END_REF], the number of these parameters is reduced to two (λ 100 and λ 111 ). Thus, the magnetostriction deformation is written in the crystallographic reference (CR: [START_REF] Rossi | Vibration Reduction of Inductors under Magnetostrictive and Maxwell Forces Excitation[END_REF],[010],[001]):

= ε µ = 3 2   λ 100 (α 2 1 -1 3 ) λ 111 α 1 α 2 λ 111 α 1 α 3 λ 111 α 1 α 2 λ 100 (α 2 2 -1 3 ) λ 111 α 2 α 3 λ 111 α 1 α 3 λ 111 α 2 α 3 λ 100 (α 2 3 -1 3 )   CR (1.2.12)
where λ 100 and λ 111 denote both magnetostrictive constants, λ 100 (or λ 111 ) being equal to the deformation of magnetostriction measured in the direction < 100 > (or < 111 >) of a single crystal when it is magnetized at saturation in that direction.

All energy terms constituting the total energy E total (equation (1.2.1)) have been discussed. The equilibrium state of the material is the result of this total energy. There is an interaction between all the different contributing energy terms and they are balanced with each other to ensure a minimal total energy. Any change such as a variation in the applied external magnetic field, an applied external stress or a temperature, disrupts the equilibrium and causes a change in these factors. Thus, once again all energy terms are competing to achieve a new balance and keep the total energy minimum.

Magnetic domains formation

Domains distribute themselves to minimize the magneto-static energy (equation (1.2.9) and equation (1.2.10)) due to the leakage field during the demagnetization process as shown in figure 1.2.4. At the demagnetized state, domains re-arrange themselves with narrower domains and flux-closure domains arise to provide return paths for the spontaneous magnetization of the main domains.

Imagine for example the simple model shown in figure 1.2.4, the configuration (a) minimizes exchange energy but magneto-static energy is important due to distance between the north and south poles. Hence, there is a single domain material and large stray fields are introduced in the surrounding air. The formation of domain walls separating two anti-parallel bar domains are shown in figure 1.2.4 (b)-(c), they are called 180°domain walls [START_REF] Chikazumi | Physics of Ferromagnetism[END_REF]. They correspond to the boundaries where the magnetic moments change their direction and alignment, leading to an increase of exchange energy, however, the magneto-static energy is greatly decreased. Finally, additional domains named closure domains appear (classified as 90°domain wall) and cancel the magnetostatic energy by removing the poles (figure 1.2.4 (d)-(e)). The appearance of the closure domains takes place early in the domain formation process and disappears late in the saturation process.

Weiss domains arise spontaneously from the competition between the exchange energy and the magneto-static energy, which oppose to the appearance of positive and negative poles. The pattern in figure 1.2.4 (e) favors reaching the minimum energy state explained in the previous paragraph.

Domain wall (180°)

90° domain wall Closure domains 

(a) (b) (c) (d) (e) 

Magnetization process

In the absence of external field H= 0 (figure 1.3.1, configuration a), the domains are oriented in such a way that the macroscopic magnetization of the material is equal to zero (minimum energy principle). This magnetization is aligned spontaneously in the direction of easy magnetization (figure 1.2.3). When a magnetic field is applied, the magnetic equilibrium is modified by movement of the magnetic walls (figure 1 It is possible to link the microscopic mechanisms of wall movement and rotation with the magnetization process seen on a macroscopic scale. This is illustrated in figure 1.3.1. Point c on the figure corresponds to the "bend" of the magnetization curve which announces the beginning of magnetization rotation in the domains. In this zone, two magnetization mechanisms are superimposed: wall movement and magnetization rotation. From practical point of view, it is an interesting area because we obtain a strong magnetization without having to push the magnetic field to higher magnitude. That is why, the operating point of the electric machines (transformer and rotating machines) is often found in this bend where the two magnetization mechanisms are superimposed.

Magnetic Hysteresis

The hysteresis loop express a non linear and irreversible relationship between the magnetization M and the applied magnetic field H. This irreversibility is essentially linked with:

• For low frequency: the pinning of the magnetic domain walls to the material defects. The unpinning induces high speed motion of the domain wall, and generates

Magnetization process

micro Eddy currents.

• For high frequency: macroscopic Eddy currents induced by magnetic field variations, which lead to an additional dissipation.

A typical hysteresis loop for a ferromagnetic material is shown in figure 1.3.2. The shape of this loop depends also on the shape of the excitation wave of magnetic field. Point o (origin) presents the demagnetized state of the material, with increasing applied field H in positive direction, the favorable domains of the material start to increase in the direction of H as shown in figure 1.3.2 from o to M s . With increasing external field, the magnetization M in the material reaches a saturated state denoted M s , by aligning all domains in the direction of H. Further increase in the external field produce no significant change in the magnetization M. The first curve from the demagnetized state (point o) to the saturation point M s is called «first magnetization curve» of the M(H) hysteresis. After saturation, when the external field H is reduced to zero the magnetization M does not reduce to zero but it retains in a remanent state which is known as remanence (M r ). To demagnetize the material, that means to reduce M r to zero, the external field H has to be applied in the negative direction. This negative value of H where the magnetization M becomes zero is described by H c and is called coercive field or coercivity. A further increase of H in the negative direction can saturate the material but in the opposite direction (-M s ). If now the negative H field reduces to zero, the material achieves again a remanent magnetization (-M r ). The hysteresis loop traced out from M s to -M s is called the major hysteresis loop. If the field H is not sufficient to saturate the sample, the formed loop is called minor loop.

Magnetostriction and magneto-elastic coupling

Barkhausen noise

As mentioned above, the magnetization process in a ferromagnetic material is governed by the movement of the Weiss domains which are separated by Bloch walls. Subjected to a variable magnetic field H, the magnetic structure of this material changes, accompanied by Bloch wall movements. These movements are at the origin of the creation of a "magnetic noise" called Barkhausen noise (figure 1.3.3). When the Bloch walls meet a micro-structural defect, they tend to be retained, we speak then of anchoring (figure 1.3.3, configuration 2). When released, the wall generates an electromagnetic wave (Barkhausen noise) and discontinuities in the hysteresis cycle appear (stair shape in figure 1.3.3). These discontinuities can be observed as electrical voltage pulses across an induction circuit surrounding the ferromagnetic sample. Depending on the microstructure and the state of stress in the material, wall movements are more or less facilitated or slowed down, and generate very different noises. 

Magnetostriction process

In 1942, the physicist Joule discovered that an iron rod subjected to a longitudinal magnetic field extended along this field, at the same time it contracted transversely, as under the effect of a mechanical traction. He called this phenomenon magnetostriction [START_REF] Joule | On a new class of magnetic forces[END_REF]. In general sense of term, magnetostriction can be presented as the set of relations linking the mechanical state of a material to its magnetic state. Looking at microscopic scale, besides saturation magnetostriction λ s we distinguish two principal phenomena:

• Spontaneous magnetostriction λ 0

• Joule magnetostriction

Magnetostriction process

Spontaneous magnetostriction λ 0

When the temperature decreases below the Curie point, the material becomes ferromagnetic and magnetic domains are formed. At the same time, a spontaneous strain appears corresponding to spontaneous magnetostriction λ 0 . In the para-magnetic phase, above the Curie temperature, the material is composed of a disordered spherical regions of isotropic solid, figure 1.4.1 (configuration (a)). When the material becomes ferromagnetic and ordered, this sphere becomes ellipsoids (figure 1.4.1, configuration (b)). This transition is accompanied with a spontaneous strain of the domain s. According to author in [START_REF] Chikazumi | Physics of Ferromagnetism[END_REF] the change in length with respect to the magnetization direction with an angle θ can be written as follow:

s(θ ) = s cos 2 (θ ) (1.4.1)
The sum of the spontaneous magnetostriction of each domains in the material corresponds to the total spontaneous magnetostriction λ 0 : 

λ 0 = ´π/2 0 s cos 2 (θ ) sin(θ )dθ λ 0 = s ´1 0 x 2 dx (x = cos(θ )) λ 0 = s 3 (1.4.2) 𝒔 𝟑 s (a) (b) (c)

Saturation magnetostriction λ s

When a magnetic field is applied, an increase in the length of the material is observed due to the rotation of domains in the field direction producing the total strain s (fig-ure 1.4.1, configuration (c)). A further increase in the magnetic field leads to magnetization saturation state and consequently the magnetostriction saturation λ s is reached. The latter can be compared to strain in demagnetized state from the relation:

λ s = s -λ 0 = 2 3 s (1.4.3)
At saturation all domains are completely aligned with the direction of the magnetic field (figure 1.4.1, configuration (c)). The combination of equation (1.4.2) and (1.4.3) gives us the saturation magnetostriction for an isotropic material (with no preferred orientation of the crystal axis) with respect to the applied field with an angle θ :

λ s (θ ) = 3 2 λ s (cos 2 (θ ) - 1 3 ) (1.4.4)

Magnetostriction of single crystal

Magnetostriction strain of a single crystal can be obtain by:

λ = - → n . = ε µ . - → n (1.4.5)
where -→ n is a vector corresponding to the field direction along which the saturation magnetostriction is measured and = ε µ is the magnetostriction strain tensor:

= ε µ = 3 2   λ 100 (α 2 1 -1 3 ) λ 111 α 1 α 2 λ 111 α 1 α 3 λ 111 α 1 α 2 λ 100 (α 2 2 -1 3 ) λ 111 α 2 α 3 λ 111 α 1 α 3 λ 111 α 2 α 3 λ 100 (α 2 3 -1 3 )   CR - → n =   β 1 β 2 β 3   (1.4.6)
When dealing with single crystal structure, the equation (1.4.4) defining the saturation magnetostriction must be generalized to take into account the crystal axis along which the magnetization lies. According to equation (1.4.5), it can be expressed as follow:

λ s = 3 2 λ 100 (α 2 1 β 2 1 +α 2 2 β 2 2 +α 2 3 β 2 3 - 1 3 )+3λ 111 (α 1 α 2 β 1 β 2 +α 2 α 3 β 2 β 3 +α 3 α 1 β 3 β 1 ) (1.4.7)
where λ 100 corresponds to saturation magnetostriction along the <100> direction and λ 111 corresponds to saturation magnetostriction along the <111> direction. α i and β i respectively denotes the direction cosines relative to the domain magnetization orientation and the field direction along which the saturation magnetostriction is measured.

A positive value of λ 100 and λ 111 corresponds to an elongation and negative value to a contraction. Gersdorf's measurements on pure iron (Fe) gives an order of magnitude of magnetostriction constants [START_REF] Wohlfarth | Ferromagnetic Materials[END_REF]:

Magnetostriction process λ 100 = 2.4 10 -5 , λ 111 = -2.3 10 -5

Joule Magnetostriction (poly-crystal)

The joule effect is the most important magnetostrictive phenomenon. It corresponds to a ∆l elongation of a ferromagnetic material of length l subjected to a magnetic field. This magnetostrictive strain depends strongly on the crystal structure of the material. Figure 1.4.2 shows the magnetostrictive strain of some ferromagnetic materials. We have seen in section 1.3, figure 1.3.2, that after the application of a magnetic field, a magnetization is created in the material following a first magnetization curve (dotted line) and then, it describes an hysteresis cycle. The longitudinal joule effect also presents an hysteresis while keeping the same sign whatever the direction of the field. The variations of ∆l l with the applied field are shown in figure 1.4.3, curve (b). These variations take a different shape if they are plotted as a function of the magnetization M (figure 1.4.3, curve (c)). ∆l l varies practically like the square of the magnetization M:

λ = ∆l l = ∞ ∑ i=1 α i M 2i (1.4.8)
where α i (i = 1,2,3) is the local magnetization with respect to the crystallographic direction of the material. If the magnetization M M s , equation (1.4.8) becomes:

λ = ∆l l = α 1 M 2 ∝ M 2 (1.4.9)
if the magnetization frequency is f M , magnetostriction will occur at double this frequency f λ =2× f M . Thus, magnetostriction strain will contain only even harmonics of magnetization frequency. Besides the influence of magnetic field, the sign and the amplitude of magnetostriction strain are significantly affected by several factors, whose the most relevant are: fabrication process, material structure, harmonics, excitation mode (current/voltage), frequency and stress. The latter is one of the main factors affecting the magnetic and magnetostrictive properties of ferromagnetic materials.

Influence of stress

The first observations on the influence of stress on ferromagnetic materials behavior were carried out by Villari in 1865 when he applied stresses to ferromagnetic samples. The châtelier's principal (equation (1.5.1)) states that the change in magnetization can be linked to the stress dependence on magnetostriction, saturation magnetization and the crystallographic anisotropy [START_REF] Bozorth | Effect of small stresses on magnetic properties[END_REF].

∂ λ ∂ H σ = ∂ B ∂ σ H (1.5.1)

Effect of stress on magnetization

The application of stress causes elastic deformation which induces magneto-elastic anisotropy in the material. This stress affects the behavior of magnetization and consequently the magnetic properties especially at low and medium fields. Dependence of magnetic behavior on applied stress has been extensively studied in the past ( [START_REF] Craik | Magnetization changes induced by stress in a constant applied field[END_REF][START_REF] Bozorth | Ferromagnetism[END_REF][START_REF] Kai | Influence of stress on vector magnetic property under rotating magnetic flux conditions[END_REF][START_REF] Moses | Energy efficient electrical steels : Magnetic performance prediction and optimization[END_REF]). They proved that there is a strong link between stress, magnetization and magnetostriction. When a uniaxial stress σ is applied, these three quantities are involved in the expression of magneto-elastic energy that can be written in the case of cubic crystal lattice as follow:

E σ = - = σ : = ε µ E σ = -3 2 λ 100 σ (α 2 1 γ 2 1 + α 2 2 γ 2 2 + α 2 3 γ 2 3 ) -3λ 111 σ (α 1 α 2 γ 1 γ 2 + α 2 α 3 γ 2 γ 3 + α 3 α 1 γ 1 γ 3 ) (1.5.2)
where α 1 , α 2 , α 3 and γ 1 , γ 2 , γ 3 are the direction cosines of magnetization M and the direction cosines of stress σ with respect to the cube axes, respectively. λ 100 and λ 111 are the saturation magnetostriction in < 100 > direction and < 111 > direction respectively. Thus, a stress σ applied parallel to an easy magnetization direction (γ 1 = 1, γ 2 = γ 3 = 0) and forming an angle θ with the magnetization M causes the appearance of an additional anisotropy that is equivalent in case of axial symmetry to:

E σ = - 3 2 λ 100 σ α 2 = - 3 2 λ 100 σ cos 2 (θ ) (1.5.3)
Relation (1.5.3) will allow to determine the effect of stress on magnetic behavior. In fact, the material's response to stress depends only on the sign of the product λ 100 σ . If the product λ 100 σ is positive, as it is the case for iron (λ 100 > 0) under tension or for nickel (λ 100 < 0) under compression, the magneto-elastic anisotropy favors direction [START_REF] Rossi | Vibration Reduction of Inductors under Magnetostrictive and Maxwell Forces Excitation[END_REF] over the other two crystal directions [START_REF] Stanbury | Magnetostriction effects at angles to the rolling direction in grain oriented silicon steel[END_REF] and [START_REF] Tan-Kim | Contribution à l'étude du bruit acoustique d'origine magnétique en vue de la conception optimale de machines synchrones à griffes pour application automobile[END_REF] (figure 1.2.3). The opposite happens when the product λ 100 σ is negative. This magneto-elastic energy reaches its minimum (or maximum) when the magnetization M is parallel to stress direction providing that λ 100 σ is positive (or negative) [START_REF] Shilling | Magnetic Properties and Domain Structure in Grain-Oriented 3% Si-Fe[END_REF]. E σ is zero when M and σ are at right angles (θ = ± π 2 ). Figure 1.5.1 illustrates the effect of tensile stress on magnetic properties of iron and nickel. These two materials have magnetostriction constants of opposite signs. It is obvious that the application of the same tensile stress has an opposite effects on these two materials.

Under low magnetic field conditions, in the case of iron, when the tensile stress is parallel to the direction of applied field, the permeability (or susceptibility) improves, while it degrades for compressive stress. In the case of nickel, the magnetostriction being negative, the application of a tensile stress makes the magnetization more difficult and leads to a degradation of permeability (or susceptibility). The curves crossing in figure 1.5.1a corresponds to the Villari inversion, and can be related to the non-monotonic behavior of magnetostriction curves for iron. 

Villari effect application

The Villari effect is a consequence of the changes in magnetization due to the applied stress (figure 1.5.1a). It is due to many mechanisms that are coupled (magnetomechanical effect) and it is also called inverse magnetostriction. This changes or variations is equivalent to the level of the applied stress (if low magnitude stress) and can be detected by a pickup coil for sensing applications (figure 1.5.2). 

Effect of stress on domain structure

The mechanism of figure 1.5.3 describes the transformation of four magnetic domains structure under stress, configuration (a) in figure 1.5.3 represents the unstressed state. When a tensile stress is applied (figure 1.5.3, configuration (b)), the domain walls start to move in such a way to increase the volume of domains parallel to the direction of stress to the detriment of domains perpendicular to the direction of stress (closure domains 90°). The latter completely disappear in case of high tensile stress. The opposite occurs when a compression is applied (figure 1.5.3, configuration (c)). The stress direction becomes a hard axis as the volume of 90°domains increases, much more energy will be needed to rotate the magnetization of 90°domains in the magnetic field direction (applied parallel to the stress direction). Therefore, if the field is in the direction of stress, for iron, tensile stress makes the magnetization easier and the compression stress makes it harder. The opposite is true for Nikel. As we have seen, stress has an effect on magnetization and domain structure of ferromagnetic materials. It also alters magnetostrictive strain.

Effect of stress on magnetostriction

It has been shown up to now that when a compressive or tensile stress is applied to a ferromagnetic material, it causes a change in the magnetization process. This introduces also in addition to the deformation created by elasticity, a variation of the magnetostrictive deformation; this is well illustrated by measurements results shown figure 1.5.4. Non-oriented steel sample cut in the rolling direction were subjected to uniaxial tensile and compressive stresses, then the longitudinal magnetostriction strain was measured. Figure 1.5.4a shows that a tensile stress reduces the maximum magnetostriction and at a stress of about 25 MPa, the magnetostriction is nearly null, beyond that value of stress, magnetostriction becomes negative and saturates for high tensile stresses. On the other hand, compression increases the maximum magnetostriction, and at -40 MPa, it becomes 1.5 times greater than the magnetostriction value at unstressed state. Considering the magnetic domain structure under stress shown in figure 1.5.3, domains with 180°domain walls grow and the closure domains (90°) decrease under tensile stress. Therefore, the sample will be brought to saturation mostly by 180°domains

Influence of stress

Magnetostriction and magneto-elastic coupling walls movements, which produces no magnetostrictive change in length. However, for compressive stress, the structure (iron based) is strongly affected because we favor 90°d omains walls that are stress sensitive as illustrated in configuration (c), figure 1.5.3. This explains the high magnetostriction deformation when a compressive stress is exerted and the lower magnetostrictive deformation when tensile stress is applied (figure 1.5.5). The magnitude variation of the curves representing λ (M) in figure 1.5.4b is due to the magneto-elastic energy which modifies the anisotropy of the material and hence its magnetostrictive deformation at demagnetized state. As stated before, the magneto-elastic energy for a single grain can be defined by the equation (1.5.3). Thus, the increase or the decrease of this energy depends on the product λ s σ . Assuming that saturation magnetostriction is positive for iron sample (λ s > 0), when a tensile stress is applied it can be deduced that no increase in magneto-elastic energy happens and therefore no increase in magnetostriction: if λ s > 0 and σ > 0 then E σ < 0 if λ s > 0 and σ < 0 then E σ > 0 (1.5.4)

At medium amplitude of tensile stress, closure structure leads to small magnetostriction and for high tensile stress, a small negative strain appears. But, when compressive stress is applied, the magneto-elastic energy increases leading to the appearance of closure domains resulting in increase of magnetostrictive strain.

E effect

Another consequence of stress is the dependence of Young modulus E of magnetic materials on its state of magnetization. When a demagnetized ferromagnetic material is submitted to a tensile test, we observe a nonlinear variation in the curve σ (ε) due to magnetostriction strain, figure 1.5.6a. Thus, magnetostriction leads to an apparent loss of linearity in the elastic behavior of demagnetized magnetic samples, called ∆E effect [START_REF] Cullity | Introduction to magnetic materials[END_REF]. In the case of uniaxial stress applied to a demagnetized material, two types of deformation are generated:

• Elastic deformation ε el which occurs in any material, magnetic or not.

• Magnetostriction deformation ε µ , due to the reorientation of domain structure by application of stress σ .

As a consequence, the apparent Young modulus of a ferromagnetic material in the demagnetized state is equal to :

E d = σ ε el + ε µ (1.5.5)
When a strong magnetic field is applied, magnetostriction saturation is reached, no reorientation of domain is possible, therefore, magnetostriction strain ε µ is zero. The Young modulus at saturation state is written as :

E d = σ ε el (1.5.6)
Magnetostriction and magneto-elastic coupling Equations (1.5.5) and (1.5.6) give the expression of the ∆E effect as a function of elastic and magnetostrictive deformation:

∆E E = E s -E d E d = ε µ (σ ) ε el (σ ) (1.5.7)
A description of the effect of stress on the longitudinal and transverse magnetostrictive strain behavior ε µ (σ ) is reported in figure 1.5.6b.

Figure 1.5.7 shows a device based on ∆E effect employed as an acoustic wave-guide. The principle of operation of the sensor is the following: the magnet interacts with the magnetostrictive wave-guide and locally changes its material properties. These material property change can be detected by the stiffness discontinuity produced by the magnet ( E effect) which partially reflects back an acoustic pulse sent by the emitter. This sensor can be used to measure fluid levels by connecting the magnet to a float or for generic position sensing [START_REF] Dapino | On Magnetostrictive Materials and Their Use in Smart Material Transducer[END_REF]. 

Different sources of stress

It has been established that magnetostriction and magnetization of electrical steel sheet are stress sensitive. Nevertheless, various factors cause mechanical stress to appear, starting from the manufacturing process to the assembling of electrical steel. Let's focus on factors that have relevance in being the main sources of stress such as cutting process, coating, clamping and magnetic forces.

Influence of stress

Cutting induced stress

Electrical steel sheets have to be cut in order to produce rotating machines and transformers components. However, cutting operations induce stresses in electrical steels; consequently magnetic properties are partially deteriorated: the magnetic losses increase and permeability decreases [START_REF] Emura | The influence of cutting technique on the magnetic properties of electrical steels[END_REF][START_REF] Kedous-Lebouc | Punching influence on magnetic properties of the stator teeth of an induction motor[END_REF][START_REF] Kedous-Lebouc | Joint punching and frequency effects on practical magnetic characteristics of electrical steels for highspeed machines[END_REF]. Figure 1.5.8 shows the edge profiles of a non-oriented electrical steel samples cut by four methods. Plastic deformation can be observed for guillotine and punching and the deformed area seems to extend for about 0.3 mm, the deformed grains recrystallize after annealing. On the other hand, the laser technique caused no deformation on the grains. While, the sample cut by photo-corrosion had a sharp edge of approximately 0.2 mm and grain deformation is not observed either. 

Coating stress

The coating of electrical steel sheets has the benefit of electrically insulating them, and reduces the losses generated by eddy currents. It also protects them against corrosion. More interesting, it turns out that the coating has an effect of imposing a beneficial tensile elastic stress in the rolling direction (RD) which reduces the magnetostriction strain [START_REF] Stanbury | Magnetostriction effects at angles to the rolling direction in grain oriented silicon steel[END_REF][START_REF] Ghalamestani | Magnetostriction in electrical steel : numerical modelling and development of an optical measurement method[END_REF]. Figure 1.5.10 shows the effect of coating stress on two types of electrical steel (NO and GO). The magnetostriction strain decreases for both materials because of the coating. However, the reduction of magnetostriction deformation is much larger for GO than NO steel sheets. In fact, for GO steel, the majority of domains are aligned with the rolling direction of the material, and just a few closure domains (90°domain wall) exist. By applying the coating, a tensile stress is generated which helps remove the rest of closure domain (figure 1.5.10a). But for non-oriented steel, there is no preferred direction for the domains, and much more closure domains are still present when the steel sheets are coated, and hence, the effect of tensile stress induced by coating is less striking (figure 1.5.10b).

The cutting method used for the electrical steel under study in this PhD work is called water jet technology. It uses high pressure water flow in combination with air injected abrasive particles. It has a high accuracy of cutting with a minimum applied stress on the electrical steel. Magnetostriction and magneto-elastic coupling

Influence of stress

Clamping stress

Clamping is an important element in the assembly of transformers since it allows the assembly of the magnetic circuit to be maintained. This pressure will also influence the performance of the magnetic core. In fact, excessive tightening torque will tend to increase the iron losses and deformation of the magnetic circuit. Also, imperfections in clamping due to lack of care when assembling are one of the main source of stress.

Depending on the type of clamping, the stress generated can be advantageous or not. A well adjusted compressive stress applied in the normal direction of the sheets to hold them together (called C-clamping), helps to reduce the air gap in the z-direction and lowering the noise level due mainly to magnetic forces in this direction [START_REF] Penin | Impact of mechanical deformations of transformer corners on core losses[END_REF]. But in the case of compression in the rolling or transverse direction (in the plane of the sheets), the magnetostriction deformation increases dramatically leading to more vibration and noise in the transformer [START_REF] Mizokami | Noise variation by compressive stress on the model core of power transformers[END_REF]. Figure 1.5.11 shows a general schematic of the mechanism for applying compression to a limb. 

Magnetostrictive strain measurements methods

Magnetostrictive deformation is a magneto-mechanical quantity of very small amplitude, in the order of micrometer per meter, which cannot be directly measured as it is (deformation). The magnetostrictive deformation measurement is often carried out by converting the deformation into an electrical quantity. This signal will then be measured and reconverted to evaluate the deformation. In addition to the small strain scale, the sensitivity of such measurements to any external stress requires an accurate method. The following paragraphs are devoted to classify the deformation measurement methods according to the principles of conversion, and more concretely, according to the physical phenomenon at the origin of which the transduction of physical quantities takes place.

Contact techniques 1.6.1.1 Strain gauge

This is the most widely used method in the field of strain sensors. The deformation causes a proportional variation in the resistance of the gauge, which is then translated into a signal by an electronic circuit. As illustrated in figure 1.6.1, the strain gauge consists of a thin film with a wire attached to it, which meanders over an area of the film. The electrical resistance of the wire changes in proportion to the amount of strain it undergoes. This coefficient of proportionality is called Gauge Factor GF :

GF = R R l l = R R ε (1.6.1)
The terms R R and l l represent the relative changes in resistance and in wire length, respectively. The gauge factor is simply the ratio of these percentage changes, with the length variation term corresponding to mechanical strain. Therefore, the strain gauge's change in resistance as a function of strain is:

R = GF × R × ε (1.6.2)
Gauge factor values are approximately 2, though they can deviate from this value by several percent.

However, as the variation of strain is very small, an electronic circuit is necessary to amplify the signal. To carry out more accurate measurement, a dummy gauge can be used for calibration to compensate for temperature change. The advantage of this method can be stated as: • It can be applied to the measurement of magnetostriction on samples of a variety of shapes and geometries.

• In the case of thin laminated samples, errors due to bending can be eliminated by applying gauges on both sides of the sample and connecting them in series.

• Regions over which strain measurements are made are small so that variables such as end effects, shearing stresses and non-uniformity are eliminated.

• The effect of temperature variations and other ambient variables are eliminated by the use of a dummy gauge.

• Possibility of a closed magnetic path setup may be used, assuring a greater uniformity of flux distribution (easy access).

• Easy repeatability of the measurements

Piezoelectric strain sensor

The piezoelectric effect is based on the fact that quartz generates, under a pressure load, an electrical charge directly proportional to the force introduced. Using an amplifier, this load is then converted into a proportional output voltage. Piezoelectric accelerometers are generally used for vibration measurement. They are not suited for static or dc applications because the electrical charge produced decays with time due to the internal impedance of the sensor and the input impedance of the signal conditioning circuits. However, they are well suited for dynamic or ac applications. Axial sensors are typically used to measure dynamic forces while flexional sensors are used to measure changes in strain (like magnetostriction) and curvature (figure 1.6.2). The measured quantity is acceleration, displacement is obtained by double integration of acceleration. The deformation can be deduced by the relative variation of displacement divided by the initial length of the sample. Authors in [START_REF] Anderson | An automated system for the measurement of magnetostriction in electrical steel sheet under applied stress[END_REF] have reported setups to measure magnetostriction deformation based on the piezoelectric effect. Nevertheless, the procedure of applying strain gauge or piezoelectric sensor is a delicate task and should be done by an experienced person, because it demands that the coating of the sample to be removed (to stick better to the sample) which may affect the reliability of magnetostriction measurements. Furthermore, at very low amplitude of magnetization, the accuracy is limited because of measurement noise [START_REF] Ghalamestani | Magnetostriction in electrical steel : numerical modelling and development of an optical measurement method[END_REF]. To overcome these drawbacks of strain gauges and piezoelectric sensor, a non contact method based on interferometry principle can be a good alternative.

Non-contact techniques: optical means

The optical method is a non-contact measurement approach: no contact is required between the probe and the sample. Given the small magnetostriction strain (10 -6 ), optical application permits the measurements of magnetostriction in tiny sample with high accuracy.

Most of the existing optical methods are based on laser interferometers, being the basic part of a number of them [START_REF] Nakata | Magnetostriction measurements with a laser Doppler velocimeter[END_REF][START_REF] Rafferty | Calibration and characterisation with a new laser-based magnetostriction measurement system[END_REF]. The general operating principal is based on Michelson interferometer, figure 1.6.3. A coherent laser beam is split into two paths with a self-transparent mirror. The first goes to the reference arm and reflects from the reflector Z 1 ; the second goes to the measurement arm and reflects from the reflector Z 2 . The reflected beams meet again on the detector. Because these beams come from the same and coherent source, they will interfere. When the moving reflector (Z 2 ) is being displaced, the frequency of the reflected beam in the measurement arm changes. The detector counts the frequency difference between reflected beams f D (figure 1.6.3). The measured value of the displacement is obtained according to:

L = f D × λ 2 (1.6.3)
where λ is the light wavelength. 

f D f 1 f 1 f 1 f 1 x f D Z 1 Z 2 f 1
-frequency resulting from the Doppler effect However Michelson interferometer does not determine the sign of the displacement of the moving object (positive or negative). To overcome this problem, other laser interferometers are used that allow to get also the direction of the movement. There are two methods depending on the number of light frequencies (wavelengths) used in the interferometer, the first is called homodyne method (one frequency) and the second heterodyne method (two frequencies). The optical technique used in this PhD work is based on the homodyne method, the principle will be discussed in chapter 2. Ghalamestani [START_REF] Ghalamestani | Magnetostriction in electrical steel : numerical modelling and development of an optical measurement method[END_REF] has designed a new setup based on the second technique. The setup was made to measure the magnetostriction strains of an uncoated sample using two tiny pieces of aluminum attached on it as mirrors. The laser beams are pointed at the mirrors, so when the magnetic field is applied, the difference between the velocity signals of the two mirrors delivers the relative change of the sample, corresponding to the magnetostriction strain. Figure 1.6.4 shows the general principal of this measurement method. 5 represents a comparison between the strain gauge and the optical technique measurements (heterodyne interferometer). A very large noise can be observed in the strain gauge measurement. The amplitudes also differs a lot between the two methods. According to the authors, it can be due to coating removing when measuring with strain gauges.

f D v c 2 f 1 f D =
It is clear that the laser setup has some advantages compared to the strain gauge :

• The measurements of magnetostrictive strain at very low amplitude with high accuracy.

• The sample preparation for the laser setup does not require any experience.

• The possibility to measure on surfaces that are difficult to access such as sheets in laminated structure where it is difficult to attach a strain gauge or a piezoelectric sensor. However, repeatability of measurement by laser setup is low due to possible out of plane movement in case of SST measurements [START_REF] Ghalamestani | Magnetostriction measurement by using dual heterodyne laser interferometers[END_REF]. Also, the cost of such setup is expensive compared to other sensors.

We have seen some of the most common techniques for the measurements of the magnetostrictive deformation. These techniques are direct measurements. They are also indirect measurements techniques based on the Villari effect (Subsection 1.5.1), but they are not in the scope of the present work. More details about these indirect measurements techniques can be found in [START_REF] Ekreem | An overview of magnetostriction, its use and methods to measure these properties[END_REF].

The present PhD work will only focus on direct techniques, particularly strain gauges and optical methods.

Magnetic forces

Magnetic or Maxwell forces are present when a magnetic flux passes through two medium of different permeabilities, figure 1.7.1. In rotating machines, they are particularly present at the interface between air gaps and stator teeth (they pull the rotor teeth towards the stator), figure 1.7.1a. In the case of a transformer, this phenomenon is essentially found in the joints since the assembly of magnetic core requires the presence of air gaps in these areas. As shown in figure 1.7.2, there are two potential sources of Maxwell forces: in plane forces due to the distributed air gap of the step lap arrangement and out of plane forces due to the air gap brought by sheet stack [START_REF] Weiser | Relevance of magnetostriction and forces for the generation of audible noise of transformer cores[END_REF][START_REF] Liu | Homogenized Magnetoelastic Behavior Model for the Computation of Strain Due to Magnetostriction in Transformers[END_REF]. The pref-erence of the magnetic flux to flow in the plane or out of plane depends on the level of induction in the corners of the laminated structure and the configuration of the overlaps [START_REF] Ilo | Critical induction -a key quantity for the optimisation of transformer core operation[END_REF], as well as the anisotropy of used magnetic materials, figure 1.7.3.

(a) Maxwell forces exerted on a stator tooth [START_REF] Tan-Kim | Contribution à l'étude du bruit acoustique d'origine magnétique en vue de la conception optimale de machines synchrones à griffes pour application automobile[END_REF].

(b) Maxwell forces on the contact surface of iron bodies (e.g. inductor) [START_REF] Sathyan | Computation of Magnetic Forces Using Degenerated Air-Gap Element[END_REF]. In order to estimate the Maxwell forces present in the air gap, many methods exists [START_REF] Barre | Contribution à l'étude des formulations de calcul de la force magnétique en magnétostatique, approche numérique et validation expérimentale[END_REF]. However, two methods are generally used to calculate Maxwell forces:

• Virtual Work method • Maxwell's tensor method

Virtual Work method

This method presented by [START_REF] Ren | Local Force Computation in Deformable Bodies using Edge Elements[END_REF][START_REF] Bossavit | Eddy-currents and forces in deformable conductors[END_REF] is based on the virtual work principle. The principle states that the variation of the electrical energy W el due to a variation of the magnetic flux equilibrates with the variation of the stored magnetic energy W mag and the work done by the magnetic force F mag on a displacement of a system [START_REF] Woodson | Electromechanical Dynamics: Part I (Discrete Systems) and Part II (Fields, Forces, and Motion)[END_REF] : with the electrical energy:

dW el = IUdt = I( dφ dt )dt = Idφ (1.7.2)
where I is the current, U is the voltage, φ is the magnetic flux and dt the time unit. We can deduce that the magnetic force applied to a system is equal to the derivation of the magnetic energy W mag with respect to the displacement u at constant flux :

F mag = - ∂W mag ∂ u φ =Cste (1.7.3)
or by the derivation of the magnetic co-energy W * mag with respect to the displacement at constant current:

F mag = ∂W * mag ∂ u I=Cste (1.7.4)
The equation linking energy to co-energy is written:

W mag +W * mag = φ I (1.7.5)

Maxwell stress tensor method

This method uses Maxwell tensor divergence to obtain surface densities of the magnetic force:

- → F = div( = σ Maxwell ) (1.7.6)
It is worth mentioning that = σ Maxwell is not a stress tensor, but a tensor whose divergence (if it is not null) leads to the appearance of magnetic forces

- → F . For instance, in vacuum = σ Maxwell = 0 however div( = σ
Maxwell ) = 0, hence, no applied stress in vacuum. The electromagnetic tensor is a function of the induction B and the magnetic field H, it is written in a general way in the form:

= σ Maxwell = B ⊗ H - 1 2 HB = I = 1 µ (B ⊗ B - B 2 2 = I ) (1.7.7)
which can be expressed as:

= σ Maxwell = 1 µ   B 2 x -1 2 B 2 B x B y B x B z B y B x B 2 y -1 2 B 2 B y B z B z B x B z B y -1 2 B 2   (1.7.8)
Assuming that the magnetic permeability is constant and plane conditions of the flux density B (figure 1.7.4), the Maxwell tensor in the ( -

→ n , - → t ) reference frame ( - → n = - → x , - → t = - → y
) can be written in the following form:

= σ Maxwell = 1 µ   B n B n -1 2 B 2 B n B t 0 B t B n B t B t -1 2 B 2 0 0 0 -1 2 B 2   (1.7.9)
with:

B 2 = B 2 n + B 2 t (1.7.10)
B n and B t are the normal and tangential components of the magnetic flux density in the air-gap, unit Tesla (T).

𝑛 𝑡

Medium: 𝜇 = 𝜇 0 𝜇 𝑟 Medium: 𝜇 = 𝜇 0 Knowing that in the air gap, the permeability is equal to the vacuum permeability µ 0 = 4π × 10 -7 H/m, and the normal and tangential stress expressions will be written:

Magnetic field Boundary

σ Maxwell n = = σ Maxwell . - → n = (B 2 n -B 2 t ) 2µ 0
(1.7.11)

σ Maxwell t = = σ Maxwell . - → t = B t B n µ 0 (1.7.12)
σ Maxwell n and σ Maxwell t are expressed in N/m 2 . The Maxwell forces are the highest at the material-air gap surface due to lower magnetic permeability (µ 0 instead of µ 0 µ r ) when flux lines are crossing perpendicularly the air gap, equation (1.7.11). As stated, these forces results in a magnetic pressure σ Maxwell n along the flux lines direction, which act as a tensile/compressive stress on the limbs of the laminated core, generating vibration along the normal axis direction of the contact surface of iron bodies. Therefore, Maxwell stress can be an additional source of stress that can influence magnetic and magnetostrictive behavior among sources mentioned in subsection 1.5.4.

Mechanical resonance induced by magnetostriction and Maxwell forces

The magnetostrictive strain and Maxwell forces can act in the opposite directions along a magnetic flux path with air-gap, figure 1.7.5. Consequently, there might be an optimal air gap length or material to reduce vibrations by canceling the effects due to magnetostriction and Maxwell forces [START_REF] Rossi | Vibration Reduction of Inductors under Magnetostrictive and Maxwell Forces Excitation[END_REF]. The geometry of the structure has to be considered because the distributions of these forces are in general not same. 

Mechanical resonance induced by magnetostriction and Maxwell forces

Magnetostrictive strain and Maxwell forces cause the dimension of the core laminations to change and vibrate when the core is magnetized by an alternating field, which can lead to mechanical resonance [START_REF] Phway | Magnetisation-induced mechanical resonance in electrical steels[END_REF][START_REF] Mininger | Analysis of electromagnetic strains on a structure such as switched reluctance machine[END_REF][START_REF] Somkun | Mechanical resonance in nonoriented electrical steels induced by magnetostriction under PWM voltage excitation[END_REF][START_REF] Liu | Optimization of electromagnetic and acoustic performances of power transformers[END_REF]. As these two phenomena are both quadratic functions of the flux density B, it is hard to quantify how much Maxwell forces are greater or lower than magnetostriction. In [START_REF] Rossi | Vibration Reduction of Inductors under Magnetostrictive and Maxwell Forces Excitation[END_REF], it is shown that there is no general rule regarding the respective contribution of magnetostriction and the Maxwell forces, and that a structure (inductors in this case) can be excited by both phenomena. However, authors in [START_REF] Somkun | Mechanical resonance in nonoriented electrical steels induced by magnetostriction under PWM voltage excitation[END_REF], showed that only magnetostriction can induce resonance of a strip of non-oriented electrical steel. As it can be observed in figure 1.8.1, at magnetizing frequency of 2250 Hz, mechanical resonance due to the fundamental component of magnetostriction occurred at 4500 Hz (the mechanical frequency response is twice the electrical frequency excitation). The averaged value of peak-to-peak magnetostriction at

Magnetostriction and magneto-elastic coupling resonance (21.5 µm/m) is 14 times higher than that at 500 Hz. Moreover, they demonstrated that the magnetostriction due to pulse-width modulation voltage harmonics can excite a structural resonance. On the other hand, the same authors have characterized the interaction between magnetostriction and mechanical resonance under pulse width modulation (PWM) excitation used in inverter-fed induction motors. In this case, the excitation waveform of flux density B contains high harmonics components that can lead to higher magnetostrictive deformation, up to 28% higher than that at sinusoidal excitation as shown in figure 1.8.2. Knowing that f sw corresponds to the switching frequency and that m i is the modulation index, it can be observed that peak-to-peak magnetostriction under PWM excitation are higher than those under sinusoidal excitation (the mechanical resonance occurs at 4500 Hz). Despite these existing research on mechanical resonance induced by magnetostriction, there was no detailed investigation on a device similar to a transformer structure. In this thesis we will investigate in details the mechanical resonance and demonstrate that it can be induced by only magnetostrictive deformation in a laminated structure.

Magneto-elastic modeling strategies

The modeling of magneto-elastic coupling has been the focus of several authors. Many models have been proposed to describe the behavior of magnetic materials under stress. For the seek of simplicity, these models can be summarized into two categories depending on the scale observation and reversibility:

• Macroscopic modeling • Multi-scale modeling

Macroscopic modeling

There are several macroscopic models to predict the magnetic and magnetostrictive behavior in magnetic materials. In this section, we will describe the most used and widely known models based on energy approach, taking into account the magneto-elastic coupling besides the magnetic behavior.

Jiles-Atherton model

Principal

Jiles Atherton's model [START_REF] Jiles | Theory of ferromagnetic hysteresis[END_REF][START_REF] Jiles | Numerical Determination of Hysteresis Parameters for the Modeling of Magnetic Properties Using the Theory of Ferromagnetic Hysteresis[END_REF] uses energy approaches to describe the hysteretic behavior of a ferromagnetic material subjected to an external field. The total energy provided to the material can be written as the sum of a dissipated reversible energy and a stored one:

dE total = dE dissipated + dE stored (1.9.1)
The energy dissipated is due to the attachment to the defects (dislocation, inclusions) of the domains walls during the displacement. If the distribution of the defects is uniform, the energy dissipated due to the displacement of the walls will be proportional to the quantity of defects and therefore to the variation of the magnetization, hence :

dE dissipated = µ 0 k.dM (1.9.2) 
The k parameter characterizes the default density (energy dissipated by default). It influences the width of the hysteresis cycle. Likewise, the variation of the total and stored magnetic energy can be defined as:

dE stored = µ 0 M.dH
(1.9.3)

dE total = µ 0 M anh .dH (1.9.4)
In the case where the material presents no default (no hysteresis, therefore no dissipation), the stored energy corresponds totally to that supplied. This ideal material has an anhysteretic behavior law M anh that can be modeled by the Langevin function usually used for paramagnetic materials :

M anh = M S coth H a - a H (1.9.5)
where M anh is the anhysteretic magnetization, and a is a fitting parameter, that can be written as:

a = k b T µ 0 m (1.9.6)
k b is the Boltzmann constant, T is the temperature in Kelvin and m is the local magnetic moment.

Consequently, we can write the following expressions:

dE dissipted = dE total -dE stored µ 0 k.dM = µ 0 M anh .dH -µ 0 M.dH (1.9.7)
from equations in relation (1.9.7) we can deduce the following law of hysteretic behavior:

dM dH = M anh -M k (1.9.8)
For a more realistic description of the hysteresis behavior, Jiles considers a local magnetic field proportional to the magnetization representing interactions between domains. The result is an effective field H e that derives from a thermodynamic potential, and is written as a function of H and M :

H e = H + αM (1.9.9)
The parameter α characterizes the magnetic micro-structure. The field H e is introduced in equation (1.9.5).

By combining the derivative with respect to the field H of the equation (1.9.9) and the relationship (1.9.8), we find in a general form the behavior law introduced by the model :

dM dH = M anh -M k -α (M anh -M)
(1.9.10)

By introducing a reversible magnetization term which allows to take into account the reversible deformation of walls pinned on defects, magnetization M is defined as the sum of a reversible M rev and irreversible M irr components such as [START_REF] Jiles | Theory of ferromagnetic hysteresis[END_REF] :

M = M rev + M irr M rev = c (M anh -M irr ) (1.9.11)
where c is a parameter representing the elasticity of magnetic wall.

From the relations (1.9.10) and (1.9.11), the total magnetization law can be written as follow :

dM dH = M anh -M irr kδ -α (M anh -M irr ) + c dM anh -dM irr dH (1.9.12)
where δ takes the values +1 or -1 respectively for an increasing ( dH dt > 0) or a decreasing ( dH dt < 0) magnetic field.

Thanks to this differential formulation (equation (1.9.12)) and after parameters identification, the Jiles-Atherton model can easily describe the hysteresis phenomenon (figure 1.9.1a). However, the dissipative term (equation (1.9.2)) takes into account only the interaction between the walls and the defects, which can limit the model to quasistatic regimes. Furthermore, the scalar formulation limits the model to one-dimensional problems.

Magneto-elastic modeling

The Jiles-Atherton model has been improved to take into account the effect of stress on magnetization by adding an equivalent magnetic field H σ in the formulation of anhysteretic magnetization [START_REF] Sablik | Model for the effect of tensile and compressive stress on ferromagnetic hysteresis[END_REF]:

H e = H + αM + H σ (1.9.13)
Based on the thermodynamic equilibrium, in the case of isotropic poly-crystalline materials, a scalar formula gives the expression of H σ :

H σ = 3 2 σ µ 0 dλ dM σ (1.9.14)
where σ represents the applied uniaxial stress and λ the magnetostrictive strain in the direction of applied field. Considering that the magnetostriction λ is an even function of the magnetization, we can write:

λ = ∞ ∑ i=0 a i M 2i (1.9.15)
where a i are the magnetostriction coefficients when σ = 0.

The use of the concept of equivalent field H σ is, however, restrictive. In fact, the deformation values are measured in the absence of stress (σ = 0), which is contradictory with experience. This approach must therefore be limited to low stress amplitudes unless the magnetostriction coefficients a i are a function of the stress (figure 1.9.1b). The Sablik-Jiles Atherton (SJA) model is a macroscopic model, even if it claims to describe microscopic behavior. The use of a Langevin function is not justified for the description of ferromagnetic systems. Besides, the identification of the model parameters is based on experimentation. Nevertheless, it allows modeling of the magnetic behavior of the ferromagnetic material taking into account of the stress effect (uniaxial stress).

Preisach model

Principal

The Preisach-type models constitute a family of macroscopic models that is widely used in the literature [START_REF] Preisach | Über die magnetische Nachwirküng[END_REF]. It is based, like the SJA model, on phenomenological approach. This approach considers an hysteretic material as an assembly of several elements that are independent of each others called hysterons γ αβ . These hysterons have a bistable state behavior parameterized by (α, β ) (equation (1.9.16)) and asymmetric with respect to the excitation (figure 1.9.2). In the case of a magnetic system, the asymmetry of the hysteron loop is explained by the existence of a magnetic field interaction between hysterons [START_REF] Smith | Smart material systems: model development[END_REF].

γ αβ =      1 for H(t) ≥ α -1 for H(t) ≤ β h for β ≤ H(t) ≤ α (1.9.16)
where t corresponds to time and h is defined as:

h = 1 for H(t -) > α -1 for H(t -) < β (1.9.17)
The history of the material is considered by the parameter h, t -corresponds to the last instant for which H(t) / ∈ [α, β ]: previous value of γ αβ . Under an applied magnetic field H(t), the macroscopic magnetization corresponds to the average of the hysterons γ αβ weighted by a distribution function µ(α, β ) in the Preisach plane (α, β ):

M (t) = ¨γαβ (H(t))µ (α, β ) dαdβ (1.9.18)
The distribution function of Preisach µ(α, β ) characterizes the number of hysterons participating in the magnetization process. This distribution is defined on a triangle of surface S in the Preisach plane (figure 1.9.2b), divided into two domain S + and S - separated by a line L(t). Depending on the evolution of the magnetic field, the line L(t) also evolve and hence the magnetic state. 

Magneto-elastic modeling

The effect of uniaxial stress σ on magnetization and magnetostriction deformation can be taken into account by the distribution function µ(α, β , σ ) shown in equation (1.9.19) [START_REF] Bertotti | Dynamic Generalization of the Scalar Preisach Model of Hysteresis[END_REF] which is based on a Gaussian distribution, or by acting on the values of the operator γ αβ (equation (1.9.16)), [START_REF] Bergqvist | A Stress-dependent Magnetic Preisach Hysteresis Model[END_REF]. Modeling the magneto-elastic coupling with this model seems possible, however, the proposed solutions require a great number of parameters identification under stress, which makes the modeling very difficult to achieve.

µ(α, β , σ ) = exp( (α-β -(c+gσ )) 2 10 a+eσ -(α+β -(d+hσ )) 2 10 b+ f σ ) α + β ≤ 0 exp( (α-β -(c+gσ )) 2 10 a+eσ -(α+β +(d+hσ )) 2 10 b+ f σ ) α + β > 0 (1.9.19)
where a, b, c, d, e, f, g and h are model parameters to be identified from experimental data.

Helmholtz energy based model (HE)

In this model, the constitutive equations to describe the magneto-elastic behavior of the material are derived from the Helmholtz free energy density named ψ [START_REF] Fonteyn | Energy-Based Magneto-Mechanical Model for electrical steel sheet[END_REF][START_REF] Fonteyn | FEM for Directly Coupled Magneto-Mechanical Phenomena in Electrical Machines[END_REF]. This energy density is defined as a function of two independent state variables which are the magnetic flux density -→ B and the total strain tensor 

- → M ( - → B , = ε ) = - ∂ ψ( - → B , = ε ) ∂ - → B (1.9.20) = σ me ( - → B , = ε ) = ∂ ψ( - → B , = ε ) ∂ = ε (1.9.21)
The magnetic field strength is then obtained as

- → H = - → B µ 0 - - → M .
The magneto-elastic stress tensor = σ me includes elastic and magnetostrictive stress contributions. Considering an isotropic material, the Helmholtz free energy ψ can be expressed by the following six scalar invariants:

I 1 = tr( = ε ) I 2 = 1 2 tr( = ε 2 ) I 3 = det( = ε ) I 4 = - → B . - → B I 5 = - → B .( = ε ∼ - → B ) I 6 = - → B .( = ε 2 ∼ - → B ) (1.9.22)
The first three invariants describe purely mechanical loading, whereas the fourth invariant I 4 describes anhysteretic magnetic behavior. Invariants I 5 and I 6 describe the magneto-elastic coupling , and are written using the deviatoric part of the strain in order to eliminate the effect of hydrostatic pressure on magnetic behavior in I 5 and I 6 :

= ε ∼ = = ε - 1 3 tr( = ε ) = I (1.9.23)
The Helmholtz free energy density ψ(I 1 , I 2 , I 3 , I 4 , I 5 , I 6 ) is then written as:

ψ = 1 2 λ I 2 1 + 2GI 2 -1 µ 0 ( I 4 2 + Σ n α -1 i=0 α i i+1 I i+1 4 + ... Σ n β -1 i=0 β i i+1 I i+1 5 + Σ n γ -1 i=0 
γ i i+1 I i+1 6 ) (1.9.24)
where λ and G are the Lamé constants of the material, µ 0 is the permeability of free space and α i , β i and γ i are the fitting parameters to be determined from the measurements under uniaxial stress applied along the magnetization direction. Since in linear elasticity is assumed, ψ does not depend on I 3 . The number of model parameters n α , n β and n γ are material dependent. They are determined by fitting the model to uniaxial B(H) curves using various numbers and choosing the best fitted case.

The first two terms in equation (1.9.24) yield Hooke's law and account for the purely mechanical behavior, whereas the last three terms account for the magneto-elastic coupling. The summation term in the middle (with n α > 1) accounts for the nonlinear

- → M ( - → B , = ε ) relation.
Finally, the quadratic dependence of invariant I 6 on = ε allows modeling the decreasing permeability under both compressive and high tensile stresses. Figure 1.9.3 shows the modeling results for the anhysteretic magnetization and magnetostriction curves obtained using the Helmholtz energy based model under four uniaxial stress levels. As can be seen, the model is able to take into account the nonmonotonic dependency of the permeability on the stress. In addition, flipping of the magnetostriction curve with respect to the axis of abscissa at high tensile stress is also successfully modeled. 

Polynomial tensor model

This model is part of the so-called phenomenological approaches that describe the magnetostrictive phenomena based on experimental results at a macroscopic scale to deduce empirical laws of behavior. This model has been used to predict the magnetostrictive behavior of Terfenol-D [START_REF] Galopin | Modélisation et caractérisation de matériaux actifs pour la conception de dispositifs magnéto-électriques[END_REF], which is a material with a giant magnetostriction leading to a strong magneto-elastic coupling. It is often used with uniaxial compression prestressing in transduction applications.

From the experimental results on Terfenol-D presented in figure 1.9.4a, the author uses the following assumptions in order to simplify the model:

• Magnetostriction as a function of the flux density for a given stress has a parabolic shape (ε µ ∝ B 2 ): this assumption is acceptable below saturation. Experiments on different Terfenol-D materials show that magnetostriction decreases for large inductions.

• The magnetostrictive behavior is isotropic: this hypothesis is not totally correct.

In fact, the multi-directional magnetization measurements on Si-Fe samples made and presented in this work later on show that magnetostriction is very sensitive to the direction of magnetization.

• The magnetostrictive deformation seems to no longer depend on the stress from a prestressing level relatively low σ re f = -20 MPa, figure 1.9.4b: In case of materials with giant magnetostriction (high magneto-elastic coupling coefficients), the magnetostriction is very sensitive to the applied stress. However, this effect saturates very quickly, unlike conventional materials (Si-Fe for example).

This particular behavior of this type of material (Terfenol-D) allows the author to use the equivalent field approach to consider the effect of stress on magnetostrictive and magnetic behavior. This approach (field equivalent to an applied stress) used in [START_REF] Jiles | The law of approach as a means of modelling the magnetomechanical effect[END_REF] allows to deduce a magnetic field due to a stress thanks to the Maxwell1 equalities relations and a set of magnetization curves at different stresses. Equation (1.9.25) is then obtained by linearization of the Maxwell equality (equation (1.9.26)). Let -→ B be the magnetic induction at a point of the material, then the magnetostrictive deformation tensor at this point with respect to the reference associated to

H i - → B , = σ = H i - → B , = σ re f - ∂ ε µ kl (B) ∂ B i ∆σ σ kl -σ re f kl equivalent f ield dueto ∆σ (1.9.25) ∂ H i ∂ σ kl - → B = ∂ ε µ kl ∂ B i = σ (1.
- → B such that - → B = [ B B ⊥ 1 B ⊥ 2 ]
T is given by:

= ε µ =    ε µ 0 0 0 ε µ ⊥ 1 0 0 0 ε µ ⊥ 2    = ∑ N n=0 β n - → B 2(n+1)   1 0 0 0 -1 2 0 0 0 -1 2   (1.9.27)
Thanks to the Euler transformation, the magnetostrictive deformation tensor with respect to the reference of the material in which

- → B = [ B 1 B 2 B 3 ]
T is given by:

= ε µ = ∑ N n=0 β n - → B 2n     B 2 1 - B 2 2 +B 2 3 2 3 2 B 1 B 2 3 2 B 1 B 3 3 2 B 1 B 2 B 2 2 - B 2 1 +B 2 3 2 3 2 B 2 B 3 3 2 B 1 B 3 3 2 B 2 B 3 B 2 3 - B 2 2 +B 2 1 2     = 1 2 ∑ N n=0 β n - → B 2n (3 - → B ⊗ - → B - - → B . - → B = I ) (1.9.28)
Magnetostriction parameters β n can be calculated from the model and the experimental results by the least squares method [START_REF] Galopin | Modélisation et caractérisation de matériaux actifs pour la conception de dispositifs magnéto-électriques[END_REF]. This approach has the advantage of be-ing simple, three-dimensional and easy to implement. However, the model is isotropic and the approach used to take into account stress limits the model to only Terfenol-D material. In this particular case, good matches with the experiments are observed (figure 1.9.5). 

Macroscopic model of magnetostriction based on energy minimization

Domain walls displacement and rotation of the magnetic moment in ferromagnetic sheets lead to a magnetization variation at a macroscopic scale. These processes results from the interaction between different energy terms [START_REF] Mbengue | Macroscopic modeling of anisotropic magnetostriction and magnetization in soft ferromagnetic materials[END_REF] that we can discern at a mesoscopic scale:

• Exchange energy

• Magneto-crystalline anisotropy energy

• Magneto-elastic energy

• Magneto-static energy: Zeeman and demagnetizing field energy This model aims to minimize the total energy composed by the energies quoted before, with respect to the magnetization. Nevertheless, during the interaction, the term of exchange energy is so big in ferromagnetic materials that leads to the alignment of the magnetic moments of neighboring atoms inside domains. Although, this term is the same in all domains, and does not vary while magnetizing the sheet. Consequently, macroscopic magnetization depends on the domains volumes and the magnetization orientation insides domains. By considering isothermal process, and by choosing the demagnetized and unstressed state as the reference, the total energy of a ferromagnetic volume can be decomposed as follow [START_REF] Mbengue | Étude des déformations induites par l'aimantation des dispositifs électrotechniques: développement d'un modèle magnéto-élastique macroscopique[END_REF]:

E total (k, θ ) = E z + E d + E an + E σ (1.9.29)
where:

• E z : refers to the Zeeman energy.

• E d : refers to the demagnetizing field energy.

• E an : refers to the macroscopic anisotropy energy.

• E σ : refers to the magneto-elastic energy.

The author assumes a planar magnetization giving the small thickness of the ferromagnetic sheet compared to other dimensions which favors a magnetic flux parallel to the sheet plane. Hence, the magnetization of the medium is described in polar coordinates by the couple (k, θ ):

- → M /    - → M = k.M S with 0 ≤ k ≤ 1 -→ RD, - → M = θ with -π ≤ θ ≤ π (1.9.30)
M s corresponds to the magnetization saturation and -→ RD represents the rolling direction.

In the next chapter (chapter 2), the total energy terms will be presented in detail.

Multi-scale modeling

The multi scale model is part of the family of so-called medium-field or homogenization models [START_REF] Buiron | A micro-macro model for magnetostriction and stress effect on magnetisation[END_REF]. It uses an energetic approach at the domains scale that relies on free energy to describe the macroscopic behavior (discussed in section 1.2). It involves changes of scale with localization operation (fields and stress at the local scale) and homogenization (averages). First, the microscopic behavior at the domain scale is found. Then, the behavior at the mono-crystal scale by homogenization is deduced. Finally, a last change of scale makes it possible to describe the behavior at the poly-crystal scale (figure 1.9.6).

Magneto-elastic modeling strategies

Grain (10 

Microscopic scale

The microscopic scale corresponds to the magnetic domains scale. In a magnetic domain named α, the magnetization inside -→ M α is assumed to be uniform and directed in a direction -→ γ α with respect to the crystallographic direction of the material. The magnetization and the magnetostriction deformation of the domain are defined by:

-→ M α = M s - → γ α = M s t [γ 1 α γ 2 α γ 3 α ] (1.9.31) = ε µ α = 3 2   λ 100 ((γ 1 α ) 2 -1 3 ) λ 111 γ 1 α γ 2 α λ 111 γ 1 α γ 3 α λ 111 γ 1 α γ 2 α λ 100 ((γ 2 α ) 2 -1 3 ) λ 111 γ 2 α γ 3 α λ 111 γ 1 α γ 3 α λ 111 γ 2 α γ 3 α λ 100 ((γ 3 α ) 2 -1 3 )   CR (1.9.32)
where γ i α are the direction cosines of the magnetization in the crystallographic reference frame CR, λ 100 and λ 111 are the saturation magnetostriction in the < 100 > and < 111 > directions respectively.

The energy of a magnetic material is the consequence of microscopic interactions within the material or with its external environment. These interactions can be of electrostatic origin (magneto-crystalline anisotropy energy related to the distribution of charges in the material) or magnetic (related to the presence of the magnetic moments of atoms). The free energy E α of a domain α is assumed to be uniform and can be expressed as the sum of four energy contributions:

E α = E d α + E ani α + E σ α + E con f α (1.9.33)
These energy terms have already been presented, we will recall their expression in the following.

The magneto-static or demagnetizing field energy E d α In order to simplify the expression, we assume that the magnetic field is uniform in the domain and that it is equal to the magnetic field applied to the grain ( -→ H α = -→ H g ). Under these conditions the magneto-static energy can be expressed as:

E d α = -µ 0 - → H g . - → M α (1.9.34)
where µ 0 is the vacuum permeability.

The anisotropy energy E ani α

E ani = K 1 ((γ 1 α γ 2 α ) 2 + (γ 2 α γ 3 α ) 2 + (γ 3 α γ 1 α ) 2 ) + K 2 (γ 1 α γ 2 α γ 3 α ) 2 (1.9.35)
where K 1 and K 2 correspond to the anisotropy constants of the material.

The magneto-elastic energy E σ α

With the hypothesis of homogeneous strain in the single crystal [START_REF] Daniel | Reversible magneto-elastic behavior: A multiscale approach[END_REF], it can be assumed that the magnetostriction deformation and stress are homogeneous. The magneto-elastic energy at the domain scale can be written as:

E σ α = - = σ α : = ε µ α
(1.9.36) σ α and ε µ α are respectively the stress and the magnetostriction deformation tensors in the magnetic domain.

The configuration energy E con f α

The configuration effect was introduced to account for the anisotropy of the magnetostrictive behavior of rolled sheets as in the case of non oriented 3%Si-Fe, whose magnetostriction deformation in the rolling direction is different from that in the transverse direction (figure 1.9.7a). Without considering this effect, the model does not succeed in predicting the anisotropic behavior of the non-oriented grain (NO) material, figure 1.9.7b. In the case where this effect is integrated, there is a better match between measurements and simulations (figure 1.9.7c). In order to take this effect into account, a term called configuration energy is introduced.

In addition, this energy term is defined to take into account the possible non-randomness of initial domain configuration α, due for instance to plastic deformation [START_REF] Hubert | Effect of plastic straining on magnetostriction of ferromagnetic polycrystals -experiments and multiscale modeling[END_REF] or to surface effect [START_REF] Hubert | Multiscale modeling of the magneto-mechanical behavior of grain-oriented silicon steels[END_REF]. The chosen formulation corresponds to a magneto-mechanical form. This configuration term can be considered as the effect of a residual stress uniform σ c in the material. It is also equivalent to a demagnetizing energy [START_REF] Daniel | A multiscale model for magneto-elastic behaviour including hysteresis effects[END_REF], its expression is given by:

E con f α = - = σ c : = ε µ α
(1.9.37)

Single crystal scale

A single crystal is divided into several magnetic domains α. Each domain is characterized by an orientation of a uniform magnetization -→ M α . By knowing the direction -→ γ α of the latter using the minimization of free energy (equation (1.9.33)), we can determine the magnetic state of the magnetic domain. This minimization is obtained by considering a large number of magnetic domains describing the best the behavior of the single crystal. There are two minimization approaches, a global minimization based on the Neel model (rigorous technique) and a second technique based on the Boltzmann function. For the sake of saving calculation time, we use an explicit formulation which is based on the Boltzmann function [START_REF] Buiron | A micro-macro model for magnetostriction and stress effect on magnetisation[END_REF] to compute the volume fractions f α of the magnetic domains:

f α = exp(-A s .E α ) ∑ α exp(-A s .E α ) (1.9.38)
where A s is a material parameter that can be written as a function of the initial susceptibility, the vacuum permeability and magnetization at saturation M s [START_REF] Daniel | Reversible magneto-elastic behavior: A multiscale approach[END_REF]:

A s = 3χ 0 µ 0 M 2 s (1.9.39)
Assuming that the elastic behavior of the mono-crystal is homogeneous and the magnetization (and the magnetostriction deformation) of the mono-crystal is equal to the average of the magnetizations (and the magnetostriction deformations) of the domains, then:

= ε µ g =< = ε µ α >= ∑ α f α = ε µ α (1.9.40) - → M g =< - → M α >= ∑ α f α - → M α (1.9.41)
Finally, for a given loading (magnetic field -→ H g and stress = σ g ), average magnetization and magnetostriction deformation of the crystal are computed.

Poly-crystal scale

In the case of a poly-crystal, the different crystallographic orientations between two neighboring grains causes heterogeneity of stresses and deformations. The distribution of the crystallographic orientations, called the texture, is then an important data to model these heterogeneity. In order to take into account the effects of the poly-crystalline structure, the multi-scale model presented here, consists of a succession of computation and change of scale (figure 1.9.8). Thus, from a given macroscopic loading, stress A first so-called localization step, allows from a specific operators to pass from macroscopic loading to mono-crystal scale loading (equations (1.9.42) and (1.9.43)). Considering the mono-crystal (grain) as an ellipsoidal inclusion in a homogeneous medium and assuming that the mechanical and magnetic behaviors of the latter are isotropic, Eshelby shows that the deformation and stress of a mono-crystal are uniform. This hypothesis makes it possible to calculate the stress and the magnetic field seen by the mono-crystal (σ g , H g ) from the macroscopic loading (σ , H) using the following equations: M g : are the elastic and magnetic incompatibility tensors. Once the assumed uniform loading inside the single crystal is calculated in function of the external loading, the magnetization and the deformation of the mono-crystal correspond to the average of the magnetizations and deformations of the magnetic domains constituting it (equations (1.9.40) and (1.9.41)). By homogenization approach the polycrystal response is calculated by averaging the response of the mono-crystals. Thus, we obtain the macroscopic magnetization -→ M and the magnetostriction deformation = ε µ of the poly-crystal:

= σ g = ≡ B g : = σ + ≡ L g : ( = ε µ - = ε µ g ) (1.9.42) -→ H g = = A g . - → H + = M g .( - → M - -→ M g ) (1.
- → M =< = t A g . -→ M g > (1.9.44) = ε µ =< ≡ t B g : = ε µ g > (1.9.45)
The multi-scale model simulates complex magnetic and mechanical loading across three scales (domain, mono-crystal and poly-crystal) while maintaining physical coherence. This distinction of the scales and the different rules of localization as well as the assumptions made, make it possible to simplify the calculations. It is able to take into account the effect of stress on the magnetic and magnetostrictive behavior of a material of different textures [START_REF] Daniel | Multiscale strategy for the determination of magneto-elastic bahavior: Discussion and application to Ni-Zn ferrites[END_REF][START_REF] Vieille | Modélisation de l'effet des contraintes sur le comportement magnétique des ferrites[END_REF]. But, in the case of NO Si-Fe, the effect of a tensile stress on the magnetization is not monotonous, something that the model with the current configuration of energies does not predict. To solve this problem, author in [START_REF] Rekik | Mesure et modélisation du comportement magnéto-mécanique dissipatif des matériaux ferromagnétiques à haute limite élastique souschargement multiaxial: application aux génératrices à grandes vitesses pour l'aéronautique[END_REF] proposed the addition of an energy term to the energy balance of a domain α. It will allow to take into account the evolution of the micro-structure in domains under stress. He called it energy of configuration demagnetizing field, it is defined by the following equation:

E D α = -µ 0 -→ M α . -→ H g σ (1.9.46)
where -→ H σ g is the configuration demagnetizing field (the magnetic field is assumed to be uniform in the grain:

- → H σ g = - → H σ α )
. It depends on the stress state, the following expression is proposed [START_REF] Daniel | A multiscale model for magneto-elastic behaviour including hysteresis effects[END_REF]:

-→ H g σ = - = N d g ( = σ g ). - → M g = η(N g - 1 3 
).

-→ M g (1.9.47)

= N d g is the demagnetizing effect tensor and η is a material parameter. N g is the component of the tensor = N d g in the same direction as the magnetization M:

N g = 1 1 + 2 exp(-Kσ eq g ) (1.9.48)
where K is a material parameter that is proportional to the initial slope of the unstressed anhysteretic magnetization curve and to the saturation magnetostriction in < 100 > direction (equation (1.9.49)). σ eq g is the equivalent stress for = σ g [START_REF] Daniel | An equivalent stress for the influence of multiaxial stress on the magnetic behavior[END_REF], corresponding to the projection along the magnetic field direction of the deviatoric part of = σ g . The expression of the equivalent stress is given in equation (1.9.50), h is a unity vector corresponding to the direction of the magnetic field H g . In case of uniaxial stress σ eq g = σ g .
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).λ 100 (1.9.49)

σ eq g = 3 2 - → h .(σ g - 1 3 tr(σ g )I). - → h (1.9.50)
This new energy term modifies the distribution of domain fractions when the material is subjected to mechanical stress. The figure 1.9.9 shows the results of the magnetization curves of Si-Fe GO without and with the consideration of the configuration demagnetizing field term. It can be clearly seen that the modeling of the magnetization curves with this energy term takes into account non-monotonicity under high tensile stress. 

Conclusion

In this chapter different aspects of magnetic materials were discussed at different scales including the effect of stress on the magnetic and magnetostrictive properties: the magnetic and magnetostrictive behavior originate from the interactions between magnetic domains generated by an energy equilibrium. This equilibrium evolves under the application of a magnetic field or mechanical stress. It can be seen from the presented part that the magneto-elastic behavior in magnetic materials is complex and its improvement is still in progress. As seen, many authors have tried (and still) to model the magneto-elastic coupling with different approaches of which the widely used are multi-scale and phenomenological modeling. The first approach is a physical approach based on a scale changes to describe the macroscopic behavior, while the second relies more on the experimental measurements with easy incorporation in computation code and few parameter identification. Our model is based on the two approaches to fulfill a good compromise between the material physics and experimental behavior laws.

The next chapter will focus on magnetic and magnetostrictive measurements under uniaxial mechanical stresses. These experimentations are made on ten samples cut at different angles with respect to the rolling direction to study the anisotropy effect and stress dependency. Afterword, the in-house model is described and the contribution made in this thesis will be discussed. CHAPTER 2

MAGNETO-ELASTIC BEHAVIOR: EXPERIMENTAL CHARACTERIZATION AND MODELING

Introduction

In this chapter, the magneto-elastic behavior of non-oriented electrical steel is characterized, then the measurements and modeling results are compared. First, the material under study is presented from a magnetic and mechanical point of view. Secondly, the measurement setup and instrumentation used are introduced. Next, the measurements under mechanical loading are performed and the results are discussed. These measurements are made on 10 samples cut in different directions with respect to the rolling direction. Based on the measurements results, the influence of the mechanical state on the magnetic and magnetostrictive behavior of non-oriented silicon iron alloys is analyzed, as well as the consequences of magneto-elastic coupling on the magnetic performances of these materials. The main purpose of these measurements is to build an extensive database of magnetic and magnetostrictive behaviors that will be useful for the identification and validation of the model.

The second part of this chapter will be dedicated to a presentation of the model studied in this thesis. We will then detail the contributions and modifications retained to account for the effect of mechanical stresses in addition to the effect of anisotropy, which consists of one of the expectations of this thesis. The modeling results are compared with the experimental results in terms of magnetic and magnetostrictive anhysteretic behaviors.

Experimental characterization 2.2 The studied material

Si-Fe non-oriented (NO) magnetic sheets are inexpensive soft magnetic materials, which make them largely used in applications of electrical engineering, such as rotating or static electrical machines (transformers), as well as certain actuators, sensors and inductors. These materials resulting from traditional metallurgy, become after rolling more or less textured (anisotropy) and alloyed in silicon according to the application requirements. The addition of silicon (Si) makes possible to improve the physical and mechanical characteristics of pure iron, to correct certain deficiencies (electrical resistivity, mechanical properties, etc.) and to propose a family of materials having different properties of use.

The studied material contains about 3% of silicon and other elements in very small shades summarized in table 2.1a to reduce the magnetic aging. It is a body centered cubic alloy (Fe-Si), it has a high and positive magneto-crystalline anisotropy constant K 1 (table 2.1b). The direction of easy magnetization corresponds to < 100 >, difficult magnetization is along < 111 > direction, which means that a strong energy is needed to go from one direction to another (36 kJ.m -3 ). The other main property is the magnetostriction deformation, which is a consequence of the magneto-elastic coupling between the deformation of the material and its magnetization state, characterized by two constants λ 100 and λ 111 which are different in amplitude (table 2.1b).

The electrical sheets of the studied material belong to the family of so-called "fully processed" sheets. These sheets are usually used in rotating machines and low power transformers due to their low magnetic losses (table 2.1c). Particular care is taken to magnetically optimize the re-crystallization and the grain growth (figure 2.2.1), and also to electrically isolate the surface with a layer adapted in composition and thickness to the needs of the application. In tables 2.1c and 2.1d, the magnetic and mechanical characteristics of this material are shown. As it will be seen in the chapters that follow, these magnetic performances are strongly affected by the mechanical stress.

Non-oriented electrical steels have been among the steel products that benefit most from texture optimization for the improvement of magnetic properties. The texture is a population of crystallographic orientations whose individual components are linked to their location within the micro-structure. The ESBD (Electron Backscatter Diffraction) technique is used to determine the crystallographic information in non-oriented electrical steel sheets and other materials as well. The result of this technique is named pole figure (figure 2.2.2). On the right of figure 2.2.2 is illustrated pole figure of GO Si-Fe texture (so-called Goss texture). A strong anisotropy can be observed between the rolling (RD) and transverse direction (TD) explained by a higher probability of magnetic domains to be oriented along RD. Compared to GO Si-Fe, NO Si-Fe has a more

The studied material Shades Si Mn C S P wt% 3 0.1 0.005 0.003 0.01

(a)
The chemical composition of 3%Si-Fe NO [START_REF] Rekik | Mesure et modélisation du comportement magnéto-mécanique dissipatif des matériaux ferromagnétiques à haute limite élastique souschargement multiaxial: application aux génératrices à grandes vitesses pour l'aéronautique[END_REF]. 

Constants Value

Electrical sheets sampling: motivations

In order to highlight the effect of anisotropy and stress on the magnetic and magnetostrictive properties of the studied material (3%Si-Fe NO), a number of samples were cut in different directions with respect to the rolling direction as shown in figure 2.2.3. Thereby, 10 samples of 150 mm long, 30 mm wide and 0.35 mm thick are obtained. The chosen dimensions of the sample favor a uniform magnetization along its length [START_REF] Antonelli | Epstein Frame : How and When It Can Be Really Representative About the Magnetic Behavior of Laminated Magnetic Steels[END_REF][START_REF] Fiorillo | Mesures magnétiques -Mesurage des propriétés magnétiques des matériaux Mesures magnétiques Mesurage des propriétés magnétiques des matériaux[END_REF]. This choice makes it possible to validate the assumption of a unidirectional magnetization to identify parameters of the model. Moreover, characterizing samples of the same size minimizes the form effect. Hence, any variation of behavior (magnetic or magnetostrictive) from a sample to another, is purely the anisotropy effect of the material. Finally, the rectangular shape of the sample ensures a uniform stress when it is subjected to a tensile or compressive stress. Despite all this precautions, some difficulties related to buckling persisted when measuring magnetostrictive deformation under compressive stress. A detailed description of this issue will be given in the following section. The characterization of magnetic steel sheets is usually done by two methods: the Epstein frame and the single sheets tester. The Epstein method requires the sample to be cut into the shape of strips, the mandatory multiple of 4 standard dimensions are then trimmed, weighed and annealed according to specific standards. These strips are then stacked inside the solenoids so as to form joints in the double overlap angles. However, these operations involve a long and tedious manipulation. Moreover, the overlaps of the strips at the "corners" can be a source of other deformations than magnetostriction (e.g. magnetic forces).

In order to avoid these problems and for the sake of simplicity, we will use an adapted SST characterization method (figure 2.3.1). It ensures a better homogeneity of the magnetic field all along the sample. The SST is equipped with a special mechanism of yoke in order to insert and remove the tested steel sheets easily and to ensure the magnetic flux closure. The simplicity of the method can be however, a source of dispersion of the measurements due to the change of sample or instrumentation (strain gauge and gauge gluing). . The yoke has a magnetic mean path of 250 mm, a section of 30×30 mm 2 and an end-to-end length of 125 mm. The B-coil allows the measurement of the magnetic flux flowing in the sample. This flux is estimated by integration of the voltage across the B-coil. The magnetic field H created around the sample can be evaluated in first approximation by Ampere's theorem. Whereas, the magnetostriction deformation measurements are made using strain gauge disposed on the top of the specimen. The strain gauge measures only longitudinal magnetostriction deformation ε µ (parallel to the direction of the applied field H) as shown in figure 2.3.2. All elements are arranged in a stress application device (figure 2.3.3) for imposing a mechanical loading in addition to the magnetic loading. To avoid buckling during measurements when a compressive stress is applied, retention plates were placed on the steel sheet surface on both sides (figure 2.3.1). To minimize the damping effect on magnetostriction, the retention plates were oiled before put in place. Leaving the sample free to move generates a variation of the air gap that can cause magnetic forces of Maxwell type to appear. A suitable tightening is applied to avoid air gaps and therefore, reduce the effect of these magnetic forces. 

NO Sheet

Excitation system

Since the relationship between the flux density B and the magnetic field H is nonlinear, the induced magnetic flux density in the sample differs from the one generated initially by the excitation. If we assume sinusoidal magnetization waveform of the excitation, the measured flux density B has a different waveform in amplitude and shape (figure 2.3.4).

In order to overcome this issue and obtain a sinusoidal magnetic flux density B in the SST sample, a programmable power source controlled by an algorithm is set up to iteratively correct the magnetic flux density B. The schematic diagram of the excitation control system is shown in figure 2.3.5. The excitation control system was developed in Aalto university [START_REF] Singh | Effect of stress on magnetic properties of electrical steel sheet and core losses in electrical machines[END_REF]. A programmable power source (AMETEK CSW 5550VA) and a data acquisition system (DAQ-NI USB-6251 BNC) with analog output are operated by a PC to control the magnitude and the waveform of the supply voltage so as to obtain a sinusoidal flux density in the SST sample. Then, an algorithm programmed using MATLAB/DAQ toolbox control the feedback of the excitation voltage. Low-noise/high-gain signal amplifiers are also used to amplify the signal obtained from the B-coil. In addition, a high sampling rate DAQ system (DEWETRON 50 khz) controlled by PC/DEWE software is used to retrieve the measured signal for the flux density. The complete process to magnetize the sample and iteratively feedback control can be described as follows:

1. Excitation: Start from a sinusoidal voltage shape with amplitude depending on the magnetic flux density level and excitation frequency.

2. Induced voltage in the search coil may not be sinusoidal when the sample saturates i.e. at higher amplitudes of the flux density (figure 2.3.4). 3. Amplitude Control: The amplitude correction, within the user-defined tolerance, is done by acting on the input signal to the power amplifier and based on the amplitude error (ε amp ) between the measured and the wanted magnetic flux density (B measured and B wanted ).

4. Waveform Control: Second the waveform control is done. However, during the waveform control if the error in amplitude exceeds the user defined tolerance, the amplitude and waveform control will be done again. Further details on the sequence control can be found in [START_REF] Singh | Effect of stress on magnetic properties of electrical steel sheet and core losses in electrical machines[END_REF]. The general view of the experimental device for the magnetic and magnetostrictive measurements under stress is shown figure 2.3.6.

Data acquisition system (DAQ-NI USB-6251 BNC)
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Magnetic measurements 2.3.2.1 Magnetic flux density measurements

The search coil or B-coil sensor method is a common approach to measure the magnetic flux density B induced in a magnetic steel sheet (figure 2.3.7). The search coil should feel the same flux as the sample, that is why it is wound directly around it to avoid measurement errors. The induced voltage in the coil sensor V bcoil is proportional to the magnetic flux variation passing through the coil ( dφ bcoil (t)

dt

) and the number of turns of the coil sensor N bcoil according to Faraday's law:

V bcoil (t) = -N bcoil . dφ bcoil (t) dt (2.3.2)
The integration of the induced voltage V bcoil at the B-coil terminals allows to determine the magnetic flux density B:

B = -1 N bcoil S ˆVbcoil dt -µ 0 S bcoil-S S H (2.3.3)
where S and S bcoil correspond respectively to the sample and B-coil sensor cross section. The second term of equation (2.3.3) considers the magnetic flux between the B-coil sensor and the sample. Given its small value for our experiments, it will be neglected and only the first term is used to calculate B.

Magnetic field measurement

The magnetic field H is measured either directly or indirectly. With the direct method, an H-coil sensor is used to measure locally the magnetic field at the top surface of the sample (figure 2.3.7), assuming that the tangential component of the magnetic field is continuous across the sample. The second approach is the indirect magnetic field measurement that calculate the magnetic field by knowing the magnetization current. According to Ampere's law, if a current I is going through a magnetization winding made of N win turns in a closed magnetic circuit of a magnetic mean path of l m , the magnetic field can be calculated by the following formula:

H = N win I(t) l m (2.3.4)
To obtain a satisfactory result by this technique, the magnetic path should be clear and well defined, and the potential drop should be completely on the sample. The uncertainty in the determination of l m in the ferromagnetic frame decreases the accuracy of this method, since l m can vary with the peak magnetic flux density, excitation frequency, shape of the excitation waveform -whether it is sinusoidal or not -and the material anisotropy [START_REF] Marketos | Calculation of the mean path length of the Epstein frame under non-sinusoidal excitations using the double Epstein method[END_REF]. The advantage of the current method (I) is that the measured signal is relatively large and almost free of distortion compared with signal obtained by the direct method (H-coil sensor). Nevertheless, this method is not recommended in rotational core magnetization where the magnetic flux path is not well known.

Before using the two sensors (H-coil and B-coil) for magnetic properties measurements, a calibration was carried out to estimate their sections, the details of this study can be found in the appendix A. A comparison between H-coil sensor method and Ampere's law method showed that the latter gives better and accurate measurements (appendix A.2). Hence, this method will be used for magnetic field measurements. 

H-coil B-coil

Magnetostriction measurements

The magnetostrictive strain was measured by means of two methods: strain gauges and laser vibrometer. The setup of each methods will be described. However, measurements of magnetostriction strain on single sheets samples were exclusively done by the strain gauge method because of the complexity of setting up the laser vibrometer method. But for the laminated structure, both methods were used and compared (chapter 3).

Strain gauge

The strain gauge has become a common technique because of the simplicity of strain measurement. After the insulation coating has been removed to prepare the surface for a better contact with the sample, the strain gauge is bonded to the sample surface using an epoxy resin on the top surface and in the middle of the samples to locally measures the longitudinal magnetostrictive deformation parallel to the magnetization direction. Then, the output wires of the gauge are soldered to the gauge terminals. Then, the strain gauge is connected with an electronic circuit (DPM-900/950) in a quarter bridge configuration (figure 2.3.8) to amplify and filter the noise signal. The main characteristics of the strain gauge used in this PhD work are summarized in Table 2.2.

(a) Electronic amplifier DPM-900/950. Despite the numerous advantages of the strain gauges (repeatability, accuracy, simplicity ... etc), this method has some disadvantages. Measurements at low amplitudes are very noisy and even by filtering, the signals obtained remain unusable. Also, the fact of removing the coating introduces another source of variability that can influence the measurement of magnetostriction deformation. Moreover, measurements by strain gauges are very local. For geometries where the field is parallel to the strain measurement, this raises no problem, however, for structures such as the transformer core, a global measurement is more appropriate because of the presence of rotating field in the corners for example. To overcome these limitations, a non-contact strain measurement approach based on laser interferometry is proposed. SIOS SP-S vibrometer sensor was chosen for our new magnetostrictive strain measurement setup, which will be explained in details further on in chapter 3.

Demagnetizing process

For the reliability of the magnetic and magnetostrictive measurements results, a demagnetization process is carried out on the electrical steel samples before starting any magnetic and magnetostrictive measurements. The demagnetization principle works with a controlled alternating magnetic field, passing through a maximum value and then reduced to zero. Besides, this demagnetization curve guarantees the elimination of any residual magnetic field. The working principle of this process is illustrated in figure 2.3.9.

Residual magnetism after demagnetization

Residual magnetism before demagnetization Decaying alternating field First, to overcome the coercive force and reverse the polarity of the magnetic moments in the material, we need a high intensity. Moreover, in order to reduce the induced currents and help the magnetic field penetration, a low frequency is required. Second, the high number of the demagnetizing pulse oscillations make it possible to reach all magnetic moments. Finally, a good result is then obtained only if the pulse stops practically with a zero current. Otherwise, a sudden interruption of the magnetic flux leads to a measurable residual magnetism.

Average or anhysteretic magnetic and magnetostrictive curves extraction

After applying the mechanical stress σ to the electrical steel sample, an elastic deformation ε e and a magnetostrictive deformation ε µ appear according to the following equation:

σ = E.ε = E.(ε e + ε µ ) (2.3.5)
Before starting the magnetostrictive and magnetic measurements, the deformation ε signal is set to zero thanks to the electronic circuit (figure 2.3.8a). Furthermore, resetting the Wheatstone bridge to zero before the cyclic measurement maintains a high measurement sensitivity of the magnetostrictive deformation and measures only magnetostrictive changes at zero magnetization.

We are particularly interested in anhysteretic curves because of their relevance. They will also be used to characterize the model parameters offering an easy comparison with the anhysteretic model results. The measured signals are first filtered with low pass filter (7 harmonics) to reduce noise and averaging is performed over 10 periods. Then, the obtained branches of magnetostrictive deformation or magnetic cycles are averaged point by point to result in anhysteretic or averaged curves. 

Results: multi-directional measurements under uniaxial stress

As previously mentioned, to illustrate the magnetic and magnetostrictive behavior under stress, we have considered the median curve between the branches of the hysteresis cycle (averaged over several periods) as the anhysteretic curve. After removing the strain corresponding to the elastic deformation, the magnetostriction curves have been extracted following the same process, by calculating the median curve of the butterfly loops. This procedure of calculating the median curve can be used for low frequency measurements, which is the case in the present work [START_REF] Geoffroy | Propriétés techniques des matériaux magnétiques Propriétés techniques des matériaux magnétiques[END_REF].

Magnetic measurements

Magnetic measurements were carried out under various mechanical loading from -15 MPa (compression) to 50 MPa (tension), with a sinusoidal flux density and a frequency of 6 Hz. It is worth noticing that the measurements were done on a non-oriented steel sheets (3% Si-Fe alloy) for many directions with respect to the rolling direction θ = (0°, 10°...90°) as it will be discussed afterwards. Figures 2.4.1 and 2.4.2 show the B(H) curves of the NO Fe-Si samples under tensile and compressive stresses from the rolling to the transverse direction with 10°step. In general trends, the magnetization curves reveal that the permeability increases under tensile stress and decreases under compressive stress. Similar behavior has also been observed in [START_REF] Rekik | Mesure et modélisation du comportement magnéto-mécanique dissipatif des matériaux ferromagnétiques à haute limite élastique souschargement multiaxial: application aux génératrices à grandes vitesses pour l'aéronautique[END_REF][START_REF] Aydin | Magneto-mechanical modeling of electrical steel sheets[END_REF][START_REF] Perevertov | Effect of applied tensile stress on the hysteresis curve and magnetic domain structure of grain-oriented transverse Fe-3%Si steel[END_REF][START_REF] Perevertov | Influence of the applied elastic tensile and compressive stress on the hysteresis curves of Fe-3%Si non-oriented steel[END_REF] for NO electrical steel under uniaxial stress in the rolling direction. However, the measurements carried out show a different behavior for the other directions particularly under tensile stress (figures 2.4.1 and 2.4.2). These figures indicate that the sample is more sensitive to the effect of tensile stress as the direction go from 0°to 90°direction with respect to the rolling direction, whereas, compressive stress decreases the permeability for all samples cut in different direction. For sample in 0°direction (rolling), the curves at 0 and 10 MPa are superimposed, which reveals that the permeability has improved in this interval; beyond 10 MPa the permeability decreases, while for 10°direction, it decreases starting from 10 MPa stress. Samples cut at 20°and 30°direction have their permeabilities improved by tensile stress up to 30 MPa, beyond that, it starts decreasing. For 40°and 50°direction samples, the same behavior as 10°direction sample is observed. The permeability start to increase again for 60°direction sample, a significant amelioration is noticed at 10 MPa. The same observation is noticed for 70°direction sample but less striking. Similar trends are found for 80°and 90°direction samples, the permeability improves up to 30 MPa this time. Independently of the magnetization direction, the compressive stress deteriorates the permeability even at low magnitude (-5 MPa).

Results: multi-directional measurements under uniaxial stress This variation of permeability with the sample direction with respect to RD can be explained by the anisotropy effect. In fact, it is known that a tensile stress favors magnetization along easy axis which is close to the applied stress direction. Besides, at unstressed state, the electrical sheet steel exhibits some magnetic anisotropy and it is non monotonic with the magnetization direction [START_REF] Hubert | Experimental analysis of the magnetoelastic anisotropy of a non-oriented silicon iron alloy[END_REF][START_REF] Mbengue | Macroscopic modeling of anisotropic magnetostriction and magnetization in soft ferromagnetic materials[END_REF]. Regarding the rolling and transverse direction; the magnetization is higher in the rolling direction because of the fabrication process; also most of the grains are oriented in this direction leading to a small improvement in the magnetization at small tension. Whereas in the transverse direction, the easy axis is total perpendicular to the magnetization direction. When applying a tensile stress, it improves the magnetization since less energy is needed to orientate the magnetic domains. Consequently, a close connection is pointed between stress and magnetization at different directions of cut, referred commonly to magnetoelastic effect.

Looking to the figure 2.4.1 ((a) and (b) for instance), some curves cross each others at particular field magnitudes; they correspond to what is called Villari effect [START_REF] Trémolet De Lacheisserie | Magnetostriction: theory and applications of magnetoelasticity[END_REF][START_REF] Olabi | Design and application of magnetostrictive materials[END_REF]. This effect can be analyzed by considering the cross derivative equality based on Maxwell relations and defined by:

∂ λ ∂ H σ = ∂ B ∂ σ H (2.4.1)
for a small stress σ , equation (2.4.1) can be written as:

δ B = ∂ λ ∂ H σ =0 × σ (2.4.2)
Where B is the flux density, λ is the magnetostrictive strain; σ corresponds to the applied stress and H to the magnetic field. The subscripts σ and H mean that the derivative is made at constant values of these quantities, i.e., when a mechanical stress is applied at a particular field strength, there is an increase or a decrease in the magnetic flux density in the sample. In the case of Si-Fe sample, saturation magnetostriction λ s is positive, thus, when the product Figure 2.4.3 shows the relative permeability curves for NO samples cut in different direction with respect to RD and under uniaxial stress. In addition to the explanation given above and taking the unstressed state as reference (σ =0 MPa), relative permeability decreases rapidly with compressive stress as well for all studied directions. This might be due to the domains wall movement that is prevented because of stressing, which makes it more difficult to magnetize the samples. On one hand, it is observed that for each cutting direction, the relative permeability does not evolve in a monotonous way with applied stress. On the other hand, starting from an easy magnetization direction (RD) to the transverse direction, the relative permeability curves have a non-monotonic behavior over the whole stress range (curves crossing). When a tensile stress is applied, for samples cut at 30°, 50°and 70°the magnetization increases slightly up to σ =10 MPa before decreasing again. Moreover, for 90°direction, the relative permeability increases from σ =0 MPa to σ =20 MPa and starts decreasing after. For 0°and 10°direction samples, going from σ =0 MPa to σ =10 MPa, relative permeability decreases. However, if we had a finer discretization step, we should see an improvement of the magnetization at smaller values of tensile stress [START_REF] Ghalamestani | Magnetostriction in electrical steel : numerical modelling and development of an optical measurement method[END_REF]. The saturation magnetostriction in a cubic crystal in a direction defined by the direction cosines β 1 , β 2 , β 3 relative to the crystal axes, when it changes from the demagnetized state to saturation in a direction defined by the direction cosines α 1 , α 2 , α 3 is given by:

λ = 3 2 λ 100 (α 2 1 β 2 1 + α 2 2 β 2 2 + α 2 3 β 2 3 -1 3 )+ 3λ 111 (α 1 α 2 β 1 β 2 + α 2 α 3 β 2 β 3 + α 3 α 1 β 3 β 1 ) (2.4.3)
where λ 100 and λ 111 are saturation magnetostriction when crystal is magnetized, and the strain is measured, in the directions < 100 > and < 111 >, respectively. Since the magnetostrictive strain is measured in the same direction as the magnetization (β 1 = β 2 = 0, β 3 = 1), the equation (2.4.3) is reduced to:

λ = 3 2 λ 100 (cos 2 (θ ) - 1 3 ) (2.4.4)
where θ is the angle between the saturation magnetostriction λ 100 and the magnetic field direction.

To determine the effect of stress on magnetic behavior, we assume an isotropic magnetostriction (λ 100 = λ 111 = λ s ). Hence, in the case of uniaxial stress σ acting upon a single magnetic domain, the magneto-elastic energy E σ can be written as follow [START_REF] Bozorth | Ferromagnetism[END_REF]:

E σ = -σ λ = - 3 2 λ s σ cos 2 (θ s ) (2.4.5)
Where λ s is magnetostriction at saturation and θ s is the angle between the saturation magnetization M s and the stress direction. For iron (Fe), λ s and σ are both positive, which lead to a minimum energy when tension is aligned with the saturation magnetization (θ s = 0, E σ = -3 2 λ s σ ). We note that the way in which a material responds to stress depends only on the sign of the product of λ s and σ . The application of a small tensile stress to the demagnetized specimen, will cause domain walls to move in such a way as to decrease the volume of domains magnetized at right angles to the stress axis (closure or 90°domains), because such domains have a high magneto-elastic energy. These domains are totally eliminated by some higher value of the stress. Consequently, the volume of domains magnetized parallel to stress axis increases making the magnetization improved by small tensile stress (sample cut at 30°and beyond). When σ is negative, the process is reversed and the magnetization decreases whatever the angle of magnetization.

Magnetostrictive strain measurements

As one would expect, the stress has also an important influence on the magnetostriction strain. Figures 2.4.4 and 2.4.5 show 3D curves of the longitudinal magnetostrictive deformation as a function of the flux density B and stress σ for 10 directions of cut with respect to the rolling direction θ =(0°, 10°...90°). The curves were obtained by interpolation based on 9 experimental measurement (9 stress levels). As general trends, it can be seen that for all direction of cut, compressive stress increases the magnetostriction strain while tensile stress tends to decrease it, and even turn it negative for high tensile stress. We also observe that a high tensile stress tends to saturate magnetostriction rapidly because we reduce considerably 90°domain walls that are responsible of magnetostriction. These observations were confirmed as well by authors in [START_REF] Anderson | Assessment of the stress sensitivity of magnetostriction in grain-oriented silicon steel[END_REF][START_REF] Rekik | Mesure et modélisation du comportement magnéto-mécanique dissipatif des matériaux ferromagnétiques à haute limite élastique souschargement multiaxial: application aux génératrices à grandes vitesses pour l'aéronautique[END_REF]. A close look to the figures 2.4.4 and 2.4.5 show that the shape of the measured deformation under stress is different from one direction to another. Considering the magnetic domain structure under stress of each direction of cut, we can assume the following: The application of a small tensile stress to the demagnetized sample leads to a decrease of 90°domain volume (figure 2.4.6, H = 0) because they have high magneto-elastic energy (equation (2.4.5)). These domains can completely be eliminated at higher value of tensile stress. However, this value of tensile stress depends also on the direction of cut of the sample. In these conditions, only a small applied field is required to saturate the sample because the magnetization process is accomplished mainly by 180°domain walls (figure 2.4.6, H = 0). Nevertheless, for compressive stress, the structure (iron based) is strongly affected because we favor 90°domains walls that are stress sensitive as illustrated in figure 2.4.6. This explains the high magnetostriction deformation for all direction when a magnetic field is applied (figure 2 To further investigate the influence of stress on magnetostriction strain, the variation of maximum magnetostriction with the direction of cut (0°...90°) and with the applied stress is plotted in figure 2.4.7. The results confirm the previous observations for all directions. A compressive stress increases the magnetostriction strain, while tensile stress decreases it and make it even negative for high value of tensile stress. Furthermore, the magnitude of magnetostriction under stress has a non-monotonous variation with angle with respect to RD of the samples between RD (0°) and TD (90°) due to crystallographic anisotropy. This anisotropic behavior was observed as well in previous work under unstressed conditions (σ = 0 MPa) in [START_REF] Hubert | Experimental analysis of the magnetoelastic anisotropy of a non-oriented silicon iron alloy[END_REF][START_REF] Mbengue | Macroscopic modeling of anisotropic magnetostriction and magnetization in soft ferromagnetic materials[END_REF] We can clearly see from figure 2.4.7 that the non-monotonous behavior is still present for medium stresses (σ = 20 MPa and σ = -10 MPa) and starts to become less striking for high tensile stresses. This proves that the relative effect of crystallographic texture (compared to unstressed state) is strongly decreased at high stress amplitudes for all the directions. Thus, at σ = 50 MPa we start achieving the saturation state of magnetostriction deformation and the crystal anisotropy is nearly zero. In this state, most of the closure domains (90°domains) are removed (figure 2.4.6). Under compressive stress, the highest magnitude of magnetostriction is found for the transverse direction and the lowest at 20°. Furthermore, at 10 MPa, magnetostriction at 90°direction is three times larger than magnetostriction at 20°direction. Let figure 2.4.6 represents a small portion of the sample containing four domains. Under applied stress, the growth of the domains either parallel to the tensile stress or perpendicular to the compressive stress induces the additional magnetostriction ( ε µ ) to the elastic strain. Providing constant volume of magnetostrictive deformation, we can write:

ε µ = λ v - λ 2 v ⊥ (2.4.6)
where v and v ⊥ are relative volumes of the small portion of the sample linked by the relation: v ⊥ =1-v . Hence, the equation (2.4.6) can be expressed as:

ε µ = 3 2 λ (v - 1 3 ) (2.4.7)
Under an applied field H, the induced variation of deformation is written as:

ε µ = 3 2 λ v (2.4.8)
Consequently:

Under tensile stress : Under compressive stress:

v ∼ 0 → v ∼ 1 → small ε µ large ε µ (2.4.9)
When the sample is magnetized, magnetostriction occurs as a result of the motion of the 90°domain walls. Thereby, if the sample is magnetized parallel to the stress direction as in the present measurements the maximum magnetostriction decreases with tensile stress (few 90°domain walls) and increases with compressive stress (increase of 90°domain walls). As shown in figure 2.4.7, the effect of compressive stress is more pronounced for sample cut in RD (0°) because we create more 90°domain [START_REF] Moses | Modeling 2-d magnetostriction in nonoriented electrical steels using a simple magnetic domain model[END_REF]. However, for all 10 samples, magnetostrictive strain saturation is reached rapidly when a tensile stress is applied.

∆E effect

The measurements of ∆E effect are obtained from magnetostrictive measurements under stress. The procedure is based on an assumption of magnetic saturation of magnetostriction: Whatever the uniaxial stress level, magnetostriction at saturation is the same (same domain configuration at saturation). First, a stress value is applied resulting in an elastic strain ε e (σ ) and a magnetostrictive strain ε µ (M = 0, σ ) according to equation (2.4.10):

ε (M = 0, σ ) = ε e (M = 0, σ ) + ε µ (M = 0, σ ) (2.4.10)
However, after demagnetization, the magnetostrictive strain ε µ (M = 0, σ ) is very difficult to measure as it is much lower than the elastic one. Hence, the deformation ε is put to zero (initialization). Next, we proceed to magnetostriction measurements under quasi-static conditions corresponding to a variation of deformation ε " due to magnetization at constant stress (equation (2.4.11)). Because the elastic strain is the same (ε e (M, σ ) = ε e (M = 0, σ )), the measurements agree now to the following equation:

ε " (M, σ ) = ε (M, σ ) -ε (M = 0, σ ) = ε µ (M, σ ) -ε µ (M = 0, σ ) (2.4.11)
From equation (2.4.11), we can deduce that ε " (M = 0, σ ) is always zero whatever the stress level. If we assume that the magnetization saturation M s is reached at high field, then the domain configuration and hence the magnetostriction strain is the same regardless of the stress level. Which means that ε " (M s , 0) = ε µ (M s , 0). Consequently, ε µ (M s , 0) is considered the reference point that all strains ε " (M, σ ) must reach (magnetic saturation of magnetostriction). By proceeding to a shift between ε " (M s , 0) and ε " (M, σ ) as illustrated in figure 2.4.9 we obtain the magnetostriction at zero magnetic field corresponding to a point of ∆E effect curve. From the two figures 2.4.4 and 2.4.5, the evolution of magnetostrictive deformation with zero magnetization, so-called ∆E effect, can be plotted. Looking at the ∆E effect curves (figure 2.4.10a), we observe that they depend on the direction of cut, moreover, the evolution from one direction of cut to another is non monotonic. To further investigate the ∆E effect, we represented differently the ∆E curve (figure 2.4.10b). We notice as general trends that for tensile stress ∆E effect is positive and negative for compressive stress. For tensile stress, magnetostrictive deformation tends to saturate and maintain the same amplitude at around σ = 30 MPa. For compressive stress, it seems that the saturation state have not been reached yet at -10 MPa (buckling problem beyond). However, we expect a saturation state beyond -10 MPa as found in [START_REF] Rekik | Mesure et modélisation du comportement magnéto-mécanique dissipatif des matériaux ferromagnétiques à haute limite élastique souschargement multiaxial: application aux génératrices à grandes vitesses pour l'aéronautique[END_REF][START_REF] Daniel | An analytical model for the ∆E effect in magnetic materials[END_REF]. Under compression, a higher magnitude of ∆E effect (than tensile stress) is observed at saturation for all directions, because at σ = -10 MPa we have already reached the order of magnitude of saturation state corresponding to a tensile stress of σ =50 MPa.

The saturation of ∆E effect under tensile stress is not the same for all directions of cut. The lowest value was obtained for 20°and 30°samples and the highest for 90°s ample. As explained before, this non monotonous behavior can be related to domain reorientation under stress. It is worth mentioning that magnetostriction measurements are highly sensitive to the 92

Frequency influence on magnetostriction under stress

Results: multi-directional measurements under uniaxial stress different disturbances that may impact the measurement results because of the small deformations involved. The fact that some variations (measurements uncertainty, sample to sample variations. . . ) may interfere with the measurements is not totally excluded, however, this variation cannot be attributed mainly to the sheet dispersion or the uncertainties given that a consistent trends in the studied direction is observed.

We first note that at σ = 0 MPa, the effect of frequency is almost invisible and no significant variation of magnetostriction is observed for all samples cut in different direction. A higher variation in frequency (frequency gap) is needed to observe changes at unstressed state [START_REF] Moses | Magnetostriction in nonoriented electrical steels: general trends[END_REF]. However, when σ = 0 MPa the magnetostriction behavior changes with frequency. In the rolling direction (0°), a compressive or tensile stress seems to increase the effect of frequency. Furthermore, for the same direction, when we increase the frequency from 6 to 50 Hz, the magnetostriction strain decreases. Nevertheless, for 20°, 50°, 60°and 70°samples, the trend is reversed. A compressive stress induces a slighter increase of magnetostriction strain, while a smaller magnetostriction variation is observed when a tensile stress is applied. For 80°sample, the magnetostriction strain at 50 Hz is greater than the one at 6 Hz for a certain applied stress, but the difference of magnetostriction strain between the two frequencies becomes smaller and stabilizes. Finally, for 90°sample, the magnetostriction strain is greater at 50 Hz than at 6 Hz when a compressive stress is applied. Whatever the frequency (6 or 50 Hz), as we evolve from 0°to 90°direction, a greater tensile stress is needed to make the magnetostriction negative, because of the domains orientation under stress as mentioned before (figure 2.4.6). Besides, the variation of magnetostriction with frequency of stressed sample has a non-monotonous behavior. Since no effect of frequency on magnetostriction strain was observed for unstressed samples, the reasons of magnetostriction strain variation with frequency under stress can be assumed to be the combination of the skin effect (at high frequency domains closer to the surfaces will be more greatly activated and a large volume of material remains demagnetized) and domain reorientation (due to stress). In addition, as mentioned in [START_REF] Moses | Magnetostriction in nonoriented electrical steels: general trends[END_REF], under free stress state and depending on the sample thickness, when the frequency increases, the domains closer to the surface will be more activated and a large volume of material remains demagnetized (skin effect). However, this process (skin effect) seems to be more pronounced when applying stress on the sample as illustrated in figure 2.4.11, even with low variation of frequency (6 to 50 Hz). As noted in [START_REF] Shilling | Magnetic Properties and Domain Structure in Grain-Oriented 3% Si-Fe[END_REF], other effects can be involved in this process like surface effects and domain walls bowing. However, further studies with larger gap in frequency and under mechanical loading are still needed to confirm these observations.

Magnetostriction modeling 2.5 Magnetostriction model: Macroscopic and anhysteretic energy based model

The magnetostriction model presented in this section is based on Serigne Mbengue's thesis work [START_REF] Mbengue | Macroscopic modeling of anisotropic magnetostriction and magnetization in soft ferromagnetic materials[END_REF]. The model has been developed in the present thesis to take into account the effect of mechanical stress (compression and traction) keeping the consideration of the magnetic and magnetostrictive anisotropic behavior, which is the strongest point of the model. First a brief description of the model is detailed and the energy terms are described. Later on, we explain the procedure of stress effect integration to the model and the modifications made on energy terms affected by stress loading. Then, modeling results are compared to measurements made on samples cut in many directions with respect to the rolling direction (magnetic and magnetostrictive anisotropy). Finally, the limitations of the model with its new configuration are discussed.

Model description

Since ferromagnetic sheets are characterized by a small thickness, the magnetic flux circulates mainly in the plane. Thus, the proposed model considers a plane magnetization. Moreover, in order to consider a homogeneous magnetization in the sheet, the magnetization process is described at the macroscopic scale. Finally, the demagnetized and unstressed state will be taken as the reference state. Under these conditions, the total energy that governs the magnetic equilibrium of the ferromagnetic material can be written as the sum of the following energetic terms:

E total (k, θ ) = E z + E d + E an + E σ (2.5.1)
where:

• E z : refers to the Zeeman energy.

• E d : refers to the demagnetizing field energy.

• E an : refers to the macroscopic anisotropy energy.

• E σ : refers to the magneto-elastic energy.

The magnetization of the medium is described in polar coordinates by the couple (k, θ ):

- → M /    - → M = k.M S with 0 ≤ k ≤ 1 -→ RD, - → M = θ with -π ≤ θ ≤ π (2.5.2)
M s corresponds to the magnetization saturation and -→ RD represents the rolling direction.

Zeeman energy

The definition of the Zeeman energy was presented in chapter 1. We remind here the expression:

E z = -µ 0 . - → M . - → H (2.5.3)
µ 0 refers to the vacuum permeability.

Demagnetizing field energy

We have seen in chapter 1 that the demagnetizing field -→ H d is linked to the magnetization -→ M by the following equation:

- → H d = -N d . - → M (2.5.4)
where N d is a demagnetizing factor. In fact, because of the difference in behavior between the neighboring crystals and magnetic domains, a local magnetic field appears and creates some heterogeneity in the total magnetization. This effect is rather important in the beginning of the magnetization as the difference in local behavior is big and starts to decrease rapidly as the magnetization increases. The expression of the demagnetizing factor depending on the magnetization variable k and the initial susceptibility χ i (θ ) (depends on direction of cut θ ) is given by:

N d = 1 χ i (θ ). (1 -k 2 ) (2.5.5)
In general, the magnetization M can be written as a function of the internal field H i and the susceptibility χ by the following equation:

M = χ(H i ).H i (2.5.6)
The internal field H i results from the field due to the free currents H 0 (external field) and that due to the magnetization of the material itself -N d .M:

H i = H 0 -N d .M (2.5.7)
The equations (2.5.6) and (2.5.7) allow us to write the magnetization as a function of the external magnetic field:

M = χ(H i ) 1 + N d .χ(H i ) .H 0 (2.5.8)
Due to the very high initial anhysteretic susceptibility (theoretically in finite for weak H i ) of soft ferromagnetic materials, we can write for the quasi-linear part of the magnetization:

M χ→∞ → 1 N d .H 0 (2.5.9)
On the other hand, we introduce an amplitude susceptibility (commonly known as secant susceptibility) χ a = M H 0 (figure 2.5.1). In the case of anhysteretic magnetization, the susceptibility χ a for a given field direction can be estimated by the initial susceptibility and the magnetization variable k:

χ a = χ i .(1 -k 2 ) (2.5.10)
This expression of the susceptibility χ a is not unique, it can take a more complex form. ments [START_REF] Hubert | Experimental analysis of the magnetoelastic anisotropy of a non-oriented silicon iron alloy[END_REF] and modeled in solid lines) for a given magnetic field direction.

Thus for a given external field direction, the demagnetizing field factor is given by N d =

1 χ i .(1-k 2 )
. This demagnetizing factor N d is valid for low field levels (equation (2.5.9)) and allows the magnetization curve to be influenced before the "bend". The energy associated with this demagnetizing effect becomes:

E d = 1 2 .µ 0 .N d . - → M 2 (2.5.11)

Macroscopic anisotropy energy

The magnetocrystaline anisotropy energy is caused by the magnetic moments which are not aligned along the crystallographic easy direction (< 001 > for a cubic crystal lattice of iron), figure 2.5.2a. Whereas the macroscopic anisotropy energy E an takes into account the preference of the material to be magnetized according to certain directions at macroscopic scale. As illustrated in figure 2.5.2b, the ferromagnetic poly-crystal NO Si-Fe exhibits macroscopic anisotropy due to the material texture (rolling operation) [START_REF] Cornut | From metallurgy to modelling of electrical steels: A multiple approach to their behaviour and use based on physics and experimental investigations[END_REF][START_REF] Spornic | Anisotropy and texture infuence on 2D magnetic behaviour for silicon, cobalt and nickel iron alloys[END_REF].

Assuming that the influence of the anisotropy on the magnetization rotation is πperiodic and even, then the associated energy can be decomposed into a modulated Fourier series by an increasing exponential function according to the magnetization (equation (2.5.12)). This exponential function (adjusted by the variable α) is introduced to influence the magnetization for high magnetic fields (above the bend of the magnetization curve).

To model the described behavior of the anisotropy energy the following expression has been adopted:

E an = [exp (k α ) -1] ∞ ∑ n=0 A n . cos (n.θ ) (2.5.12) 
where:

(k,θ ): represent model variables α: fitting variable at high magnetic field n: pair index

A n : model parameters to be identified (describe the macroscopic magnetic anisotropy due to texture).

The significant number of anisotropy parameters A n varies from one texture to another. For example, if we consider the obtaining conditions of figure 2.5.2b, then for a strongly textured sheet of type SiFe GO the significant A n are more important than for non-oriented grain sheet (figure 2.5.3). The identification of A n parameters is detailed in [START_REF] Mbengue | An Anisotropic Model for Magnetostriction and Magnetization Computing for Noise Generation in Electric Devices[END_REF].

The anisotropy described in equation (2.5.12) increases with k and reaches its minimum for k = 0. 

Magneto-elastic energy

When an external stress is applied to a magnetic material, it induces a change in the domain structure, leading to a variation in the total magnetization. This coupling effect between the magnetic and the mechanical phenomena is named magneto-elastic coupling and the associated energy is written as: From the isochoric assumption, the anisotropic magnetostriction strain tensor in the reference frame of magnetization -→ M is written as:

E σ = - = σ : = ε µ (2.
= ε µ - → M = g(k 2n , θ ). 1 0 0 -1 2 (2.5.15)
where g(k 2n ) is an anisotropic function representing magnetostriction at saturation (k → 1) that can have the following form:

g(k 2n , λ i (θ )) = λ 1 (θ ) .k 2 + λ 2 (θ ) .k 4 + λ 3 (θ ) .k 6 + λ 4 (θ ) .k 8
(2.5.16) λ 1 (θ ) ...λ 4 (θ ) are model parameters, which can be identified from unidirectional measurements on samples cut on different angle θ with respect to the rolling direction.

Magnetostrictive deformation is anisotropic and depends on the orientation of the magnetization [START_REF] Cullity | Introduction to magnetic materials[END_REF]. In other words, its saturation value (k → 1), which is an intrinsic property of the material, changes and is a function of θ . Thus, the functions λ 1 (θ ) ...λ 4 (θ ) are expressed thanks to the deformation measurements following different directions and a simple identification of polynomial coefficients from equation (2.5.18). In fact, the measured deformation (supposed magnetostrictive) in a direction β is given by:

λ µ β = ∆l l β = Σ i, j ε µ i j β i β j (2.5.17)
Thus, assuming that β ≈ θ for low fields, the measured magnetostriction is given by the equation (2.5.18). This hypothesis (β ≈ θ ) is true if the longitudinal magnetostriction is measured on a rectangular sample whose length is greater than the width (type SST device). In this type of device, the effect of the sample shape favors a magnetization close to the longitudinal direction.

λ µ β = ∆l l β =θ = λ 1 (θ ) .k 2 + λ 2 (θ ) .k 4 + λ 3 (θ ) .k 6 + λ 4 (θ ) .k 8 (2.5.18)
Using the transformation matrix R from the reference frame of magnetization -→ M to the material frame reference -→ RD, -→ T D :

= ε µ = R. = ε µ - → M .R -1 (2.5.19)
with:

R = cos θ -sin θ sin θ cos θ (2.5.20)
The parameters used in the macroscopic model are summarized in table 2.3. They are evaluated experimentally whatever the angle θ from magnetic M(H) and magnetostrictive λ µ (M) curves at different direction (θ = 0°...90°, 10 angles). Based on figure 2.5.3 and given that the studied material is a non-oriented grain SiFe, a maximum index of n = 12 was chosen for the A n parameters because it seems representative of the anisotropic behavior of the material. For λ i .k 2n parameters, a maximum numbers of i = 4 and n = 4 were chosen because a polynomial of order 8 is enough to obtain a magnetostriction curve similar to that obtained by measurement. The corresponding identification procedure is described in [START_REF] Mbengue | Macroscopic modeling of anisotropic magnetostriction and magnetization in soft ferromagnetic materials[END_REF]. By definition [START_REF] Smith | Smart material systems: model development[END_REF], the anhysteretic magnetization curve represents a succession of states or configurations, each of which corresponds to the lowest energy for a given excitation. Hence, the reconstitution of the anhysteretic behavior (magnetization, indirectly the magnetostriction) can be presented as a problem of global minimum search of the total energy (equation (2.5.1)) with a given excitation (figure 2.5.4):

Parameter number Description

χ i (θ ) 1 
min (E total (k, θ )) / k ∈ [0, 1] θ ∈ [-π, π]
(2.5.21)

Experimental magnetic and magnetostrictive characterization
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Application of the macroscopic model without mechanical loading

The proposed anisotropic model is based on an energy approach, allowing it to best represent the physics that governs the magnetic and magnetostrictive properties of magnetic materials. However, this model is macroscopic unlike the multi-scale approach that is based on the interactions between three different scales, starting from the domain scale to the grain scale, and using homogenization to describe the material behavior. On the other hand, the proposed model emphasizes the influence of the magnetic and magnetostrictive anisotropy, which according to experimental studies on electric motor and transformer [START_REF] Weiser | Relevance of magnetostriction and forces for the generation of audible noise of transformer cores[END_REF][START_REF] Mohammed | Coupled Magnetoelastic Finite Element Formulation Including Anisotropic Reluctivity Tensor and Magnetostriction Effects for Machinery Applications[END_REF] is a source of vibration in these structures. Figures 2.5.5 to 2.5.8 show a comparison between the measurement and the modeling results of magnetic and magnetostrictive behavior of a non-oriented grain Si-Fe material in different magnetization directions (with respect to the rolling direction). Measurements and model are in good agreement. We observe that the model respects the trends related to the effect of magnetic anisotropy with a maximal error not exceeding 5.6%. With regard to the magnetostrictive behavior, the effect of a non-monotonic anisotropy according to the magnetization direction is well restored. We describe in the following the main modifications that have been made to the model during this thesis.

Modeling the magneto-elastic effect

We initially had a version of the anhysteretic anisotropic model corresponding to the detailed description in section 2.5.1. Nevertheless, the proposed approach did not take into account the influence of mechanical loading on the magnetic and magnetostrictive behavior of the studied material. Accordingly, we propose a modified version of the energy based model by making changes to certain energy terms that are directly or indirectly related to this magneto-elastic coupling.

In fact, many studies have highlighted the existence of a strong coupling between magnetostrictive and magnetic properties on one hand, and the application of mechan-ical stress on the other hand [START_REF] Aydin | Magneto-mechanical modeling of electrical steel sheets[END_REF][START_REF] Daniel | A multiscale model for magneto-elastic behaviour including hysteresis effects[END_REF]. In the case of the material which is studied (NO 3% Si-Fe), a general trend is observed: for an applied compressive stress, an increase of the magnetostriction deformation and a degradation of the magnetic permeability and this, whatever the amplitude. On the other hand, when a tensile stress is applied, the magnetostriction decreases and reaches saturation quickly. Besides, the permeability is improved for small amplitudes of tensile stress but deteriorated in the case of large amplitudes [START_REF] Liu | Optimization of electromagnetic and acoustic performances of power transformers[END_REF]. Despite the existence of these works, the modeling of magnetostriction under stress was limited to the rolling direction [START_REF] Aydin | Magneto-mechanical modeling of electrical steel sheets[END_REF][START_REF] Daniel | A multiscale model for magneto-elastic behaviour including hysteresis effects[END_REF]. The anisotropy effect of both the magnetization and the magnetostriction was not taken into consideration in the modeling. Aware of this weakness we propose a more complete modeling, describing more accurately the anisotropic behavior of non-oriented materials as well as the magneto-elastic effect.

Proposed magneto-elastic energy term E σ

As detailed previously the magneto-elastic energy term takes into account the effect of mechanical stress on the magnetostriction deformation and the magnetic properties of the ferromagnetic material. To integrate the influence of stress, a function h(σ ) will be added to scale g(k 2n , λ i (θ )) (equation (2.5.16)) depending on the stress level and nature (compression or traction). Hence, the magnetostriction strain in the reference frame will be written as follows :

= ε µ - → M = g(k 2n , λ i (θ , σ )).h(σ ). 1 0 0 -1 2 (2.5.22)
λ i (θ , σ ) are know identified depending on angle of magnetization θ and applied stress σ as well. h(σ ) corresponds to the stress dependence function and is given by:

h(σ ) = a -exp(bσ ) c + 2 exp(bσ ) + d (2.5.23)
a, b, c, d are fitting parameter which can be identified from unidirectional measurements under compressive and tensile stress for each magnetization direction θ with respect to the rolling direction. The function h(σ ) scales g(k 2n , λ i (θ , σ )) depending on the stress σ . It was obtained by observation of the variation of maximum magnetostriction with respect to stress, the expression in equation (2.5.23) is similar to the hyperbolic tangent function which has the same evolution as the measurements. Figure 2.5.9 shows the fitted and measured magnetostriction deformation at maximum flux density (k → 1) for different values of stress along RD (0°), TD (90°) and 50°, others angles are reported in appendix B. It can be seen that the function h(σ ) fits best our measurements for all directions of magnetization with respect to the rolling direction (0°....90°).

In the expression of function g describing the magnetostriction strain, the functions λ i were originally dependent only on θ , the angle of magnetization with respect to the rolling direction. Now they depend also on the applied stress σ . Since our model is anisotropic and to best fit the experimental curves, we suggest three fitting functions instead of only one: a first function for compressive stress, a second function for tensile stress and a last function for 0 MPa. In these conditions, the general expression of function g can be written as follow:

g(k 2n , λ i (θ , σ )) = 1 2 [g σ <0 .
(sign(σ ) -1).sign(σ ) + g σ >0 .(sign(σ ) + 1).sign(σ ) -2.g σ =0 .(sign(σ ) -1).(sign(σ ) + 1))] (2.5.24) The identification of the functions λ i is done depending on θ and the nature of stress σ :

at      σ = -10 MPa σ = 50 MPa σ = 0 MPa for g σ <0 g σ >0 g σ =0
(2.5.25)

Proposed macroscopic anisotropy energy term E an

We have seen in paragraph 2.5.1 that the macroscopic anisotropy energy without mechanical loading can be written:

E an = (exp(k α ) -1) ∞ ∑ n=0 A n . cos (n.θ ) (2.5.26)
Nevertheless, it is well known that the applied stress introduces a supplementary anisotropy to the material [START_REF] Cullity | Introduction to magnetic materials[END_REF]. To describe the effect of stress on the macroscopic anisotropy, a small modification will be made on the first term of the equation (2.5.26) to make the anisotropy energy high or low depending on the stress and the magnetization direction with respect to the rolling direction. In order to extend this expression to higher number of angles with respect to the rolling direction, it has been adapted to take two formulations depending on the angle by introducing a function L(θ ):

E an = (exp(k α ) + L(θ )) ∞ ∑ n=0 A n . cos (n.θ ) (2.5.27)
where the function L(θ ) is introduced to consider the influence of the anisotropy effect depending on the angle θ with respect to the rolling direction. It takes two values 1 or -1 depending on the angle θ : 

L(θ ) = 1 
E an = (exp(k α ) + 1) (∑ ∞ n=0 A n . cos (n.θ )) E an = (exp(k α ) -1) (∑ ∞ n=0 A n . cos (n.θ ))
(2.5.29)

Proposed demagnetizing factor energy

As explained in paragraph 2.5.1, the demagnetizing energy can be written as:

E d = µ 0 2 N d - → M 2
(2.5.30)

N d = 1 χ i (θ ).(1 -k 2 ) (2.5.31)
N d is named demagnetizing factor and it was established for unstressed state. To describe the effect of stress (especially at compressive stress) on the initial domain structure, a configuration demagnetizing field H σ d has been introduced by [START_REF] Rekik | Mesure et modélisation du comportement magnéto-mécanique dissipatif des matériaux ferromagnétiques à haute limite élastique souschargement multiaxial: application aux génératrices à grandes vitesses pour l'aéronautique[END_REF], to be added to the initial field H with a new demagnetizing factor:

- → H σ d = η.(N σ d - 1 3 
).

- → M (2.5.32)
where η is a material parameter, -→ M is the magnetization and N σ d is the stress demagnetizing effect.

In the case of uniaxial stress σ applied in the same direction as the magnetic field H, N σ d can be written as follows:

N σ d = 1 1 + 2 × exp(-Kσ ) (2.5.33)
K is a material parameter that is defined by other modeling parameters [START_REF] Daniel | A multiscale model for magneto-elastic behaviour including hysteresis effects[END_REF]:

K = 3 2 A s λ 100 = 9.χ i (θ ).λ 100 µ 0 M 2 s (2.5.34)
χ i (θ ) : is the initial susceptibility as a function of magnetization angle θ . λ 100 : is the saturation magnetostriction in the < 100 > cubic axis. µ 0 : is the vacuum permeability. M s : is the saturation magnetization.

As the stress demagnetizing field is now defined, it will be integrated to the demagnetizing energy by the expression of magneto-static energy that can be divided into two contributions (Zeeman and demagnetizing field energy):

E ms = E z + E d = -µ 0 . - → M . - → H -µ 0 . - → M . - → H d E ms = -µ 0 . - → M . - → H + 1 2 µ 0 (N d -2η.(N σ d -1 3 )) - → M 2 (2.5.35)
If a single crystal ferromagnetic material with no applied field is considered, the magneto-static energy (E ms ) will be equal to the energy of the demagnetization field (E d ).

The demagnetizing field energy is then defined as:

E d = µ 0 2 (N d -2η.(N σ d - 1 3 )) - → M 2 (2.5.36)
To take only the effect of compressive stress, the expression in equation (2.5.36) becomes:

E d = µ 0 2 (N d + η.(sign(σ ) -1).(N σ d - 1 3 )) - → M 2 (2.5.37)
The equation (2.5.37) corresponds to the expression of the demagnetizing field energy under mechanical stress. This expression is reduced to equation (2.5.30), when there is no applied stress (N σ d = 1 3 ) or under tensile stress ((sign(σ ) -1) = 0 for σ > 0). However, the non-monotonic behavior at very high tensile stress is not considered.

The model parameters

The model parameters are identified from anhysteretic magnetic and magnetostrictive measurements under uniaxial stress. The identification has been done for non-oriented (NO) electrical steel in 10 directions of cut with respect to the rolling direction. The samples were loaded by uniaxial stresses varying from -10 MPa to 50 MPa. In order to identify the model parameters, the measured anhysteretic magnetization curves under free stress are used to describe the macroscopic anisotropy. Whereas, the anhysteretic magnetostriction curves under uniaxial stress levels of -10 MPa, 0 MPa and 50 MPa are used to reproduce the magnetostriction behavior. The parameters retained resulting from the identification are grouped in the table 2 The parameters presented in the table 2.4 were simply chosen to reproduce accurately the unidirectional experimental results obtained under stress on samples cut in different directions. To these parameters is added those of h(σ ) function a, b, c, d which can be identified from unidirectional measurements under compressive and tensile stress for each magnetization direction θ .

The coefficients A n (anisotropy coefficients), the anisotropic functions λ i (magnetostriction constants at saturation), as well as the initial susceptibility χ i (θ ) are identified respectively from experimental characterization thanks to the following equations:

∑ ∞ n=0 A n . cos (n.θ ) = µ 0 . 1 exp (1 α ) -1 k exp ≈0.6 ∀α .M S . H 2 0 RDexp + H 2 0 T Dexp = E an exp (θ )        A 0 = E an exp j = 1 N ∑ N-1 j=0 E an exp j A n = 2 N ∑ N-1 j=0 E an exp j cos n.θ exp j (2.5.38)
where N and θ exp j are respectively the number and the measurement angles.

χ i = dM dH
(2.5.39)

λ i = 1 2 d 2 λ µ (k) dk 2i k=0 (2.5.40)
λ µ corresponds to the measured magnetostriction deformation:

λ µ = λ 1 k 2 + λ 2 k 4 + λ 3 k 6 + λ 4 k 8 .
In order to integrate these functions in a minimization algorithm, we need to generalize them to ensure their continuity whatever the angle of cut θ . By considering these functions π-periodic and even, we obtain the generalized version shown in figure 2.5.10 for each function. Considering the red vertical line as the symmetry axis, the results on the right were obtained by symmetry based on the measurements results on the left. It is worth noticing that the functions λ i in figure 2.5.10c were plotted under -10 MPa and 50 MPa in addition to σ = 0 MPa. The modeling process is described in figure 2.5.11. Given that the anhysteretic magnetization curve represents a succession of states which each one corresponds to the lowest energy for a given load (magnetic field and/or stress), the reconstitution of anhysteretic behavior (magnetization and magnetostriction deformation) may be represented as a problem of global minimum search for total energy (equation (2.5.1)). 𝐸 𝑡𝑜𝑡𝑎𝑙 (𝑘, 𝜃)

Results of modeling and comparison to measurements

Experimental magnetic and magnetostrictive characterization
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Figure 2.5.11: The computation process of the magnetization and magnetostriction deformation under stress.

Results of modeling and comparison to measurements

This section describes the modeling results that will to be compared to experimental measurements. The material parameters used for the modeling were presented in the previous paragraph (subsection 2.5.4). It is reminded that the direction of uniaxial mechanical loading is parallel to the magnetic and magnetostrictive measurements. The magnetization and magnetostriction evolution are modeled under stress with σ ranging from -10 MPa to 50 MPa. In order to better observe the anisotropy of the magnetic and magnetostrictive behavior, the measurements are shown for a maximal external magnetic field value of 500 A/m.

Magnetic behavior

The figures 2.6.1, 2.6.2 and 2.6.3 describe the experimental and modeled magnetization curves for samples cut in different direction with respect to the rolling direction. For each sample, the experimental curve is on the left (dashed line) and the modeled is on the right (continuous line). As a general trends, the modeled effect of tensile stress on the magnetic behavior is well restored and reasonably accurate for the studied directions. However, the prediction of the behavior under compressive stress is not sufficiently accurate. In addition, a compressive stress leads to a very significant drop in the magnetic permeability, whereas a tensile stress has a much slighter effect. This evolution of magnetic properties with the stress nature is in agreement with the measurements. In some directions, the tensile stress leads to an improvement of the magnetic permeability as it is the case for 90°direction sample (figure 2.6.3a). Also, the model is able to take into account the non-monotonic dependency of the permeability on the stress at low and medium tensile stress for certain directions but not for all (figure 2.6.1). This problem could probably be overcome by involving the expression of the demagnetizing field factor (N σ d ) for tensile stresses (not considered for tensile stress in the equation (2.5.37)). But this may increase the relative error between the experimental and the modeled results. In all directions, at compression, a bowing of the anhysteretic curve of magnetization is observed (figure 2.6.1a). Phenomenologically, this could be explained by the increase of 90°domains under compressive stress as discussed in section 2.4.1. 

Magnetic field H(A/m)

Magnetostrictive behavior

The comparison between modeled and experimental results is shown in figures 2.6.4 and 2.6.5. The figures have been plotted so that all the curves start from zero. It appears first of all that the pace and the general trends of the magnetostrictive curves are correctly represented by the model. The model, however, tends to overestimate the magnetostrictive behavior in certain directions. Furthermore, we observe that the model reproduces well the effect of macroscopic and stress anisotropy. Hence, the trends correspond to the experimental observations. While under compression magnetostriction increases, magnetostriction decreases for tensile stress and a reversal is observed from positive to negative when high tensile stress is applied. On the other hand, the inversion of the direction of magnetostrictive deformation variation reproduced by the model for certain directions of magnetization (figure 2.6.4a) corresponds to a stage where the magnetic state becomes essentially driven by the rotation of the magnetization in the domains. This reversal of the direction of variation also occurs experimentally if measurements are made for more intense magnetic fields. These comparisons between model and measurements allow us to conclude that the modeling is capable of representing correctly the anhysteretic magneto-elastic coupling and anisotropy effects for different directions of cut. Comparisons reveal some gaps and limitations, such as the difficulties to reproduce behaviors under high compression stress, as well as, the non-monotonic behavior under high tensile stress for certain directions of cut with respect to the rolling direction.

Conclusion

Measurements were carried out on a non-oriented grain iron alloy with 3% of silicon. The magnetic and magnetostrictive behaviors were characterized under mechanical stresses for samples cut in different directions with respect to the rolling direction. This constitute the originality brought by our measurements. The results of magnetic and magnetostrictive behavior on the samples showed that the anisotropy effect remains dominant under low and medium stresses but tends to disappear for very high stresses. On the other hand, a strong link has been established between permeability, magnetostrictive deformation and stress. In some particular configuration of stresses, one can have improvements in the magnetic properties and the decrease of the magnetostriction deformation, as is the case for the transverse direction under tensile stress.

The second part was devoted to present the recent developments which allowed the improvement of the model. These improvements concern in particular the accounts of the effect of the stress on the magnetic and magnetostrictive properties. Comparisons between experimental and modeling results show a qualitative agreements. However, more adjustment are needed to achieve a quantitative comparison. The advances compared to the old version of the model are certain, but the modeling remains imperfect. Considering the stress effect coupled with the macroscopic anisotropy (due to texture) seems to be difficult to predict for all angles of cut in the present configuration of the model, other expressions are to be added and some energy terms are to be modified in future work. Besides, the model requires high number of material parameters (around 21), a reduction of the number of parameters seems necessary for easier use and exploitation. 

FROM SINGLE SHEET TO LAMINATED STRUCTURES

Introduction

Since the aim of this PhD work is to extend the work from material to a transformertype device, the present chapter deals with the magnetic and magnetostrictive behavior of laminated structures.

In this chapter the measurement results obtained on two types of structure will be presented and compared to results obtained with a finite element approach. First, the results of magnetic and magnetostrictive behavior of the laminated structure without air gap under two different magnetization conditions are presented depending on the voltage or current magnetization mode. Also, a comparison is made between the strain gauge method and the laser vibrometer setup in term of magnetostriction measurements, then, the contribution of each method is discussed. Next, measurement results under uniaxial compressive stress will be described and the magneto-elastic coupling highlighted. Next, an overview of the 2D FE method for the computation of the deformation of the structure due to magnetostriction will be detailed. For the computation of magnetostrictive deformation, the energy based model presented in chapter 2 is used. After that, the FE results will be compared to measurement results. The second part of the chapter will be devoted to study the structure with air gaps to investigate the interaction between magnetostriction and the Maxwell forces. For the FE computation, in addition to the magnetostrictive deformation, Maxwell forces are calculated by the Maxwell stress tensor. An analytical approach is also established to make a comparison with the FE calculation. Later on, the FE and measurements results will be compared and discussed in details. Based on these results, the effect of the air gap material hardness on the total displacement will be discussed.
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Description of the laminated structures under study

The ferromagnetic structure under study can be assimilated to a single phase transformer core of dimension 250×250 mm and 15 mm width leg. The core consists of 40 impregnated iron sheets with a total thickness of 15 mm where each sheet is 0.35 mm thick.

In a first place, to study only magnetostrictive deformation, a simple ferromagnetic frame assembly has been considered, figure 3.2.1a. This choice of cutting (frame shape) allows, in addition to the elimination of air gaps, the possibility of studying the magnetostriction in the direction of rolling and transverse for the same magnetic flux and the same structure. In a second place, a laminated structure made of U and I cores shape was assembled with the same dimensions as the previous one. The introduction of two air gaps in the flux path helps in the production of large magnetic forces, figure 3.2.1b. Materials with different mechanical properties and width are inserted in the air gap to evaluate their effect on the magnetostrictive deformation.

In the air gaps, the magnetic flux lines are mainly perpendicular to the air gaps surface resulting in a perpendicular magnetic stress pressure. Therefore, magnetic forces result only in tensile/compressive stress in the legs where the air gaps are present. 

Magnetic and magnetostrictive measurements conditions

In the framework of this work the magnetic and magnetostrictive measurements on the laminated structure are performed under unidirectional excitation. It means that the magnetic field is always unidirectional along the legs of the laminated structures where the measurements are made, figure 3.3.1a. The excitation winding creates the magnetic field in the laminated structure, magnetostrictive deformation occurs and is measured by a strain gauge. Thereafter, the magnetic field and the magnetic flux density are retrieved by coil sensors (Hcoil, Bcoil). Each measurement was carried out five times to evaluate the repeatability error using Student Law and the average was kept.

The confidence level of the measured values is 95%. Figure 3.3.1b shows a picture of the studied structure with the measurements and excitation elements. Considering the limitations of the strain gauge measurements method due to the contact with the sample, an non-intrusive approach using a laser Doppler vibrometer has been used in addition to strain gauges. This technique overcome the drawbacks of the strain gauge since no contact with the sample is required.
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SIOS SP-S laser interferometric vibrometer

Laser interferometric vibrometers are used to measure precisely and without contact the change of position over time of an object or surface of any degree of roughness. The SP-S1 laser vibrometer was chosen for more precise magnetostriction measurements. It belongs to the family of single-point vibrometer with a fixed focal length as it allows to measure an object's vibrations in the direction of the laser beam (figure 3.3.3a). The working principle is based on Laser Doppler Vibrometry (LDV). This method offers better displacement and velocity resolution compared to the strain gauge technique and is used in many fields of basic science. The technology is based on the Doppler effect (figure 3.3.2); sensing the frequency shift of back scattered light from a moving object. If the object under investigation is moving with the speed V ob ject in the measurement axis of the interferometer, then the maximum oscillation frequency f doppler of the measurement signal can be calculated using the Doppler effect:

f doppler = 2. V ob ject λ He-Ne (3.3.1) 
where λ He-Ne is the wavelength of He-Ne laser (632.8 nm).

Low frequency High frequency

Object moving to the left with a velocity 𝑉 𝑜𝑏𝑗 and at frequency 𝑓 𝑜𝑏𝑗

λ ′′ = (V-𝑉 𝑜𝑏𝑗 ) 𝑓 𝑜𝑏𝑗 λ ′ = (V+𝑉 𝑜𝑏𝑗 ) 𝑓 𝑜𝑏𝑗 𝑉 𝑜𝑏𝑗
𝑉 is the propagation velocity of the wave All optical parts of the laser vibrometer are located within the sensor head and balanced (figure 3.3.3b). First, The beam of a helium-neon laser is split by a beam splitter BS-I into a reference beam and a measurement beam. After passing through a second beam splitter BS-II, the measurement beam is focused onto the vibrating object, which reflects it. This reflected beam is now deflected downwards by BS-II, is then merged with the reference beam by the third beam splitter BS-III and is then directed onto the detector. As the path length of the reference beam (RB) is constant over time (with the exception of negligible thermal effects on the interferometer RB = C ste ), a movement of the object under investigation (OB 2 = OB(t)) generates a dark and bright pattern typical of From single sheet to laminated structures interferometry on the detector (fringe). One complete dark bright cycle on the detector corresponds to an object displacement of exactly half of the wavelength of the light used. In the case of the helium-neon laser used almost exclusively for vibrometers, this corresponds to a displacement of 316 nm.

Changing the optical path length per unit of time manifests itself as the Doppler frequency shift of the measurement beam. This means that the modulation frequency of the interferometer pattern determined is directly proportional to the velocity of the object (equation (3.3.1)). As object movement away from the interferometer generates the same interference pattern (and frequency shift) as object movement towards the interferometer, this setup cannot determine the direction the object is moving in. For this purpose, an acoustic-optic modulator (Bragg cell) is placed in the reference beam, which shifts the light frequency by 40 MHz (by comparison, the frequency of the laser light is 4.74 × 10 14 Hz). This generates a modulation frequency of the fringe pattern of 40 MHz when the object is at rest. If the object then moves towards the interferometer, this modulation frequency is reduced and if it moves away from the vibrometer, the detector receives a frequency higher than 40 MHz. This means that it is now possible not only to detect the amplitude of movement but also to clearly define the direction of movement. Nevertheless, the direction information depends on the laser head and software used for measurements acquisition. • The compact, fiber optic coupled sensor head.

• The modular Supply and Evaluation Unit (SEU) with an integrated He-Ne laser.

• The personal computer with control software INFAS Vibro.

The main characteristics of the SP-S vibrometer are summarized in table 3 

Excitation system

To create a sinusoidal voltage or sinusoidal current waveforms, two setups were used depending on the quantities imposed (current or voltage), hereafter named as voltage magnetization and current magnetization. Since a proportional relationship exists between the magnetostrictive deformation and the magnetization waveform (λ = f (M)=λ 0 + λ 2 .M 2 ), the aim of the excitation systems is to generate different magnetic induction waveforms B in the structure and observe the effect on the magnetostrictive deformation waveforms.

Voltage magnetization

The excitation setup for voltage magnetization and electrical quantities are shown in figure 3.3.5 and figure 3.3.6 respectively. Since the setup is fully controlled manually, the signal amplitude can be adjusted using an auto-transformer. First, the voltage coming from the grid (the default frequency is 50 Hz ) is reduced and then, the voltage signal is sent to the magnetization coil of the laminated structure thanks to an auto-transformer. Later on, the magnetic induction B, the magnetic field H and the magnetostriction strain signals are then measured. Afterwards, all the measured signals are sent to the oscilloscope and saved. All the signal calculations, post-processing and the visualization of the signals are further processed in the MATLAB software.
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Current magnetization

The set-up composition for current magnetization and the electrical quantities are illustrated in figure 3.3.7 and figure 3.3.8 respectively. A signal generator generates a sinusoidal wave u(V ) with a variable amplitude and frequency f (Hz), then, the signal is sent to a power amplifier. Next, the output current i(A) is sent to the excitation winding (N = 80 turns) surrounding the laminated structure. Hence, a magnetic field H is established in the ferromagnetic structure. This excitation system is equipped with a filter with adjustable cutting frequency and a signal amplifier of Bcoil and Hcoil sensors.

Signal generator

Oscilloscope

Power amplifier Current probe

Filter & amplifier 

Stressing device for the laminated structure

In order to study the effect of compressive stress on the magnetostrictive strain (like in transformer assembly), the laminated structure is stressed in lamination direction by means of a clamping vise shown in figure 3.3.9, a description on the clamping vise is reported in appendix C. The use of rigid polymer parts (equivalent in size to the section of the structure leg) make it possible to apply the force uniformly to the structure leg. The variation of the magnetostrictive deformation in the structure is retrieved by means of a strain gauge. Due to accessibility issues the laser vibrometer could not be used when the structure is under stress. In fact, the setting up of the vise prevents the laser beam from reaching the surface of the bar under compressive stress. All the parts which constitutes the device for applying stress are non-magnetic so as not to alter the magnetic field circulating in the ferromagnetic structure. In order to apply a precise effort through the vise, torque wrenches are used to control the tightening torque (figure 3.3.10). The work done by the tightening torque C after one turn is written as follows:

W torque = C.θ = C.2π (3.3.2) 
On the other hand, the work done by a screw can be written as:

W screw = F s .p (3.3.3)
where F s is the stressing force and p the pitch of the screw.

If we make the assumption of a negligible friction (difficult to establish), the work of the torque should be equal to the work done by the screw, hence, we obtain the equation (3.3.4) to make the connection between the torque applied, the screw of the Study of the laminated structure without air gaps vice and the stressing force applied to the laminated structure:

F s = 2πC p (3.3.4)
where F s is the stressing force, C is the applied torque on the torque wrench and p corresponds to the trapezoidal pitch of the screw (p=3 in this case). Two torque wrenches (CL2NX8D and CL5NX8D) provide a tightening torque ranging from 0.4 N.m to 5 N.m with a precision step of 0.05 N.m. Since the surface under pressure of the structure leg is small (s = 2.25 × 10 -4 m), we can reach interesting compressive stress levels with the presented stressing device up to σ = -50 MPa. Furthermore, the risk of buckling is very small as the leg has a bigger section compared to the single sheet. Unfortunately, this stressing device does not allow the application of a tensile stress, despite the fact that tensile stress has a small effect on magnetic and magnetostrictive behavior of non-oriented electrical steel as it has been discussed in the chapter 2. The B(H) loops measurements of the laminated structure are performed under a magnetization with peak magnetic field of 1000 A/m and a frequency of 50 Hz. The results illustrated in figure 3.4.3 show a small anisotropy of the magnetic behavior due to the cutting angle of the samples with respect to the rolling direction (RD or TD) but the difference seems negligible. If we assume isotropic behavior for non-oriented material, the ferromagnetic structure assembly should have almost the same magnetic characteristics in every direction including RD and TD (locations A and B). However, we notice a small magnetic anisotropy that can be due to the random assembly of the structure (mixture of RD and TD sheets), or due to a small magnetic flux leakage given the position of the B-coil sensors at point A and B respectiveley (figure 3 The local magnetostriction strain obtained on the laminated structure is shown in figure 3.4.4. The longitudinal strain at the two measured locations (A and B) is positive which was expected as the studied material is Si-Fe. Moreover, the magnetostrictive behavior is non-linear and hysteretic. At saturation, we notice that the magnetostrictive strain at location B ε || B = 5.8 × 10 -6 is higher than the strain measured at location A,

Study of the

ε || A = 4.23 × 10 -6 .
According to the material behavior measured on single sheet (Chapter 2), the magnetostrictive strain along RD is smaller than the magnetostrictive strain along TD. However, on the laminated structure the magnetostrictive strain at location A (more RD sheets than TD) is greater than the one at RD on the single sheet. While the magnetostrictive strain at location B (more TD sheets than RD) is of the same magnitude as the one found on the single sheets in TD. The increase of strain magnitude at location A can be explained by the presence of some TD sheets as the laminated structure was randomly assembled. In fact, as we observed in Chapter 2, the magnetostrictive defor-From single sheet to laminated structures mation in TD is greater than the one in RD direction. As explained, this is due to the predominant presence of 90°domains in TD than in RD when magnetizing along the length of the sample. In the case of our structure, the presence of small proportion of TD sheets among the RD sheets, causes an increase of the total deformation in the bar inducing an increase of the strain in location A compared to only RD sheets. Of course, since the deformation of the RD sheets is lower than the TD sheets, the deformation in location B (where TD sheets are predominant) is mainly driven by TD sheets. This findings confirm the anisotropic behavior of non-oriented grain steel and that considering it isotropic in assembled structure like transformer or electrical machine may lead to more deformation and as a consequence to more vibrations.

Since the behavior at the two locations is similar in terms of magnetic and magnetostrictive behavior, only location B is considered for further discussion.

Comparison between voltage and current magnetization

The longitudinal magnetostrictive deformation and the B(H) loops have been measured in location B for both excitation systems. Figure 3.4.5 and 3.4.6 show the results averaged over five measurements, current magnetization results (denoted c) are shown on the left and the voltage magnetization results (denoted v) on the right. Due to excitation device limitation, saturation could not be achieved for the current magnetization. Nevertheless, a comparison can still be made at magnetic induction around B = 1T. Assuming that the frequency effect is negligible [START_REF] Moses | Magnetostriction in nonoriented electrical steels: general trends[END_REF] (10 to 50 Hz), the magnetic behavior between the two magnetization is very similar: at B = 1T, the maximum field achieved for current magnetization and voltage magnetization is H c max = 168 A/m and H v max = 169 A/m respectively. The same observation for the coercive field

H c c = 46 A/m
Study of the laminated structure without air gaps and H v c = 48 A/m. As the magnetic behavior, the magnetostrictive behavior versus the magnetic induction B and the magnetic field H is non linear. Furthermore, at B = 1T the amplitudes of magnetostrictive strain are very close: ε c B = 3.9 × 10 -6 (current magnetization) and ε v B = 4.05 × 10 -6 . Looking at the waveform of ε c B (H) and ε v B (H) for current and voltage magnetization, they are slightly different, which was expected given the different waveforms of excitation modes. We can observe in figure 3.4.6c some measurement noise of magnetostriction curves at low frequency excitation. Although we obtained different waveforms of magnetostrictive deformation depending on the magnetization mode, the magnetostrictive deformation amplitude remains almost unchanged. It can be concluded that the magnetization mode has a small effect on the magnetostrictive deformation amplitude. However, further studies are still needed for understanding in details the influence of the magnetization mode on magnetostrictive deformation amplitude.

Frequency dependence on magnetostriction

To investigate the frequency effect on the magnetostrictive strain, the laminated structure was excited with two different frequencies (10 and 50 Hz). To avoid any influence related to B and H waveforms, the same excitation system is used for both frequencies (current magnetization, figure 3.3.7). Figure 3.4.7 illustrates the effect of frequency on the magnetic and the magnetostrictive behavior. At higher frequency, the hysteretic behavior is larger. Despite the fact that the frequency gap is not large, magnetostriction at 50 Hz shows less deformation than magnetostriction at 10 Hz, which indicates that the magnetostriction decreases as the frequency increases. Of course, more the frequency gap is significant, the larger is the impact on magnetostriction as observed in Moses work [START_REF] Moses | Magnetostriction in nonoriented electrical steels: general trends[END_REF]. shows the hysteresis loops at several excitation frequencies of the ferromagnetic structure at point B. The maximum magnetic field that could be achieved was H = 25A/m (limitation of excitation system). The results demonstrate that as the frequency increases, the hysteresis cycles tilt and the magnetic induction level decreases. These loops are called Rayleigh cycles, they appear at low magnetic field and they occur From single sheet to laminated structures because of magnetic domain walls displacements (reversible behavior).

Given the low amplitude of magnetic field, the magnetostrictive strain measurements were highly influenced by noise and thus the results were inaccurate to draw any discussion. 

Laser vibrometer results

Considering the noise issue of magnetostrictive strain measurements obtained by strain gauge especially at low magnetic field amplitude, a high resolution measurements method was needed to confirm the obtained measurements. Besides, given the architecture of the laminated structure, the strain gauge setup could not afford deformation information along the lamination height. Consequently, a single point laser vibrometer is used to perform magnetostriction strain. The principle of such a vibrometer has been presented in section 3.3.1.

A general schematic view of the magnetostriction deformation measurements setup using the laser vibrometer is shown in figure 3.4.9. In contrast to the strain gauge setup, only voltage magnetization was used ( f = 50Hz). The displacement due to magnetostrictive strain is measured in addition to the magnetic induction B and the magnetic field H. The laser head point a laser beam on one leg (where point B is positioned) of the structure at three different location along the height as shown in figure 3.4.10. The motivations for such measurements is to analyze the global deformation of several layers along the lamination surface. on the other hand, the measurements point on the top is located at the corner of the structure where the magnetic field turns (rotational field), which can lead to additional deformation compared to parallel field (strain gauge). In contrast to the measurements of the strain gauges influenced by noise, the magnetostrictive deformation curves obtained by laser vibrometer show a high accuracy and a smooth behavior even at low peak amplitudes. Regarding the other locations (the middle and the bottom), the magnetostrictive deformation decreases by 1 µm/m as the measured point moves from the top to the bottom. This variation might be originated from the random assembling of the structure (mixture of RD and TD sheets). As previously confirmed, non-oriented steel sheets shows some magnetostrictive anisotropy (figure 3.4.4). Hence, when assembling non-oriented randomly, inhomogeneous displacement along the lamination may appear.

The results clearly demonstrate that the laser vibrometer allows to reveal information that the strain gauge can not with high accuracy. However, the first measured quantity is displacement, which can affect the accuracy of the magnetostriction deformation value compared to the strain gauge (direct measurements). Furthermore, adjustments (laser head re-installation, calibration) are needed at every measurements which makes the measurements tedious and very time consuming.

Measurements results under mechanical loading

As observed in chapter 2, the application of an external stress modifies the magnetic and magnetostrictive properties of electrical steel sheets. The aim of this section is to study the influence of stress on a laminated structure constituted of impregnated single sheet (frame shaped).

Setup scheme

The general principle of the magnetostriction measurements setup under stress is shown in figure 3.4.12. Once a stress level is applied by a clamping device and the elastic deformation removed by initializing the Wheatstone bridge of the strain gauges, a magnetization waveform (voltage magnetization) is generated by the power source and sent to the magnetization coil in the laminated structure. Then, the magnetic induction B, the magnetic field H and the magnetostrictive strain ε are measured. After acquisition, all signals are processed under MATLAB software.
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Validation of the clamping device by simulation

As one would expect, applying clamping stress on one side of the laminated structure could be influenced by the free part of the latter (figure 3.4.13). For this reason, the aim here is to validate by simulation the clamping device in terms of stress transmission and absence of buckling for the studied range of applied stress. Besides, for the seek of simplicity and to save computation time, we consider the continuity of the displacements at the interfaces between the laminated structure and the clamping screw (figure 3.4.13).

Laminated structure Compression Vise

Clamping screw shows the simulation results of the isolated ferromagnetic structure under stress computed in Ansys workbench. It can be observed that the maximum compressive stress in the column is located at the contact zone with the clamping device (surrounded zone in figure 3.4.14). This stress concentration will not disturb the stress distribution in the measurement zone where the uniformity of the mechanical stresses is ensured over almost the entire column under stress (figure 3.4.14). A small in-plane buckling effect is observed, it will have a negligible effect on magnetostrictive measurements since the strain gauge measures the longitudinal component of the magnetostriction.

𝟖, 𝟕𝟏𝐞 𝟕 7,74e 7 6,77e 7 5,80e 7 4,83e 7 3,87e 7 2,90e 7 1,93e 7 9,67e 6 𝟏, 𝟕𝟐𝟓 Assuming that the stress σ can be expressed as a function of the stressing force F s and the column section S c :

σ = F s S c (3.4.2) 
For a stressing force F s = 5600 N and a section of S c = 2.24 × 10 -4 m, the applied compressive stress is estimated to:

σ = 5600 2.24 × 10 -4 = 25 MPa (3.4.3)
which correspond to the stress value found by simulation. Hence, the stressing force applied to the screw thanks to the torque wrench can be assumed to be totally transmitted to the column structure.

The maximum stress level that could be reached by this clamping device is σ = -50MPa. Furthermore, for each experience, five measurements were performed and the average data have been considered for discussion.

Results of magnetic and magnetostrictive behavior under compressive stress

Voltage magnetization at f = 50 Hz Figure 3.4.15 shows the measurement results of the hysteresis cycles under compressive stress at locations A and B respectively. First, we make the clamping on the leg where point A is located, once the measurements are made, we dismount the vise, then the leg where the point B is located is clamped and the measurements are made. Unlike the unstressed situation where only one point was discussed (location B), this time the two measurement locations (A and B) are described. This "on purpose" redundancy makes it possible to confirm the tendency found under mechanical compressive stress. Hysteresis curves under stress represented in figure 3.4.15 show that a compressive stress decreases slightly the permeability in a monotonous way until σ = -50 MPa. Besides, at maximum value of magnetic field (H max = 1000 A/m), the difference in magnetic flux density between hysteresis curves at σ = 0 MPa and σ = -50 MPa corresponds to the Villari effect. In this respect, the change in flux density is proportional to the level of the applied stress. We also notice that the coercive field H c does not change with the compressive stress. strain (parallel to the magnetic field H) at point A and B. For comparison, the magnetostrictive strain at free stress state (σ = 0 MPa) is shown in red. We observe that the magnetostrictive strain increases significantly with increasing compressive stress at point A location as well as at point B location. At σ = -50 MPa, the magnetostrictive strain has increased of about 2.5 µm/m at location A and increased of 3.5µm/m at location B compared to the unstressed state. The magnetostrictive deformation at location B shows around 30% more deformation increase, which confirms that at this location, among the 40 sheets constituting the laminated structure, there is more TD than RD sheets. Actually, as we have observed in chapter 2 for single sheet under stress, sample cut in RD are more sensitive to compressive stress than sample cut in TD. The reason behind seems to be the creation of more 90°domain walls leading to an increase of magnetostrictive strain. It can be seen also from the figure 3.4.16 that when achieving a compressive stress of σ = -30 MPa (in blue) and beyond, the magnetostriction curves begin to get closer to each other, indicating that magnetostrictive saturation is being reached.

From single sheet to laminated structures 18 represents the longitudinal magnetostrictive strain behavior under compressive stress. We observe that the evolution of the magnetostrictive strain is monotonic. Also, the magnetostriction function ε || A,B (B) has a parabolic shape. In addition, a close look shows that the curves get closer as the compressive stress increases due to saturation of magnetostriction mechanism at high compressive stress (around σ = -30 MPa). Moreover, the slight decrease of magnetic permeability as a function of the compressive stress is followed by a decrease in the magnetic induction peak (figure 3.4.17). This process is also well noticed in the evolution of the magnetostriction as a function of the magnetic induction (see the zoomed area of figure 3 

Longitudinal ∆E effect

The extraction method of the ∆E effect has been presented in Chapter 2. The same procedure has been followed for the laminated structure. To conclude, we can say that once a laminated structure is magnetized, the magnetostrictive strain depends only on the magnitude of the excitation field and not on the excitation mode (voltage or current mode). Although non-oriented electrical steel are globally isotropic compared with the grain-oriented materials, still some degree of anisotropy exists in the magnetostrictive properties of these materials. Magnetostriction measurements by laser vibrometer have shown higher accuracy compared to the strain gauge setup. The laser setup provides some achievement that could not be reached by strain gauge, like measurements along the height of the lamination. Next, measurements under compressive stress confirmed that non-oriented materials are stress sensitive and may lead to more vibration due to an increase of magnetostrictive deformation under compressive stress. In the following, from these experimental measurements and based on the magnetostriction model (chapter 2), a FE tool has been developed that reproduces as accurately as possible the obtained measurements by considering the anisotropy effect related to magnetic and magnetostrictive behavior. Nevertheless, the stress effect is not considered.

FE modeling

Description of the ferromagnetic structure modeling

To model the structure, we have made 2D hypothesis in the same way as our developed model which is based on plane magnetization assumption (chapter 2). Next, the structure was modeled as four glued columns, figure 3.4.20. It is worth mentioning that the finite elements results are not influenced by the gluing configuration of the columns. Unlike the real structure where the assembly of the sheets is random, the model contains long RD sheets in one bar and only TD sheets in the other (without mixing). From a magnetic point of view, the software (ANSYS) does not allow to take into account both anisotropy and non-linearity of the magnetic behavior. Thus, for a more realistic simulation, we chose four magnetically isotropic columns with different non-linear behavior (figure 3.4.21). From a mechanical point of view, the four columns are isotropic and have the same elastic behavior (same Young modulus E and Poisson ratio ν). The software used for magnetic and mechanical simulations has the advantage of being multi-physical since it provides elements that can be used in coupled physics simulation (electromagnetic and mechanic). Consequently, we were able to maintain the same mesh for both magnetic and mechanical calculations avoiding meshing problems related to the change of physics. In this thesis work, the element "PLANE13" allowing to make magnetic and mechanical simulations is used (figure 3.4.22). It also gives the possibility to include magnetic forces: Lorentz and Maxwell forces. 

Magnetic resolution

The aim of magnetic simulation is to calculate the distribution of magnetic field and magnetic flux density in the ferromagnetic structure. That is to say, it will calculate the average of magnetic field of each element of the modeled ferromagnetic structure. To do so, we impose a current density j s calculated from the measured current I mes and the section of excitation winding S copper ( j s = I mes S copper ). Knowing that the magnetostriction is even and our model is anhysteretic, a quarter period of the current is simulated for magnetic and magnetostrictive distribution at maximum current, figure 3.4.23. However, for comparison with measurements the entire period is simulated. The magnetic characteristics of the electrical steel sheets in the rolling and transverse direction are injected figure 3.4.21, and parallel magnetic flow conditions are adopted.

Due to relatively low frequency usually used in applications like rotating machines and transformers (50 Hz), the approximation of magneto-static regime is adopted (magnetic scalar potential formulation). This leads to the resolution of the following equations:

- → ∇ × - → H = - → J (3.4.4)
From single sheet to laminated structures The results of magnetic field distribution (average field of the elements) will be used to calculate the equivalent nodal forces.

Nodal magnetostrictive forces computation

Equivalent nodal forces is an approach often used to solve magneto-mechanical coupling problems in finite element [START_REF] Mohammed | Transient Modeling of Coupled Magnetoelastic Problems in Electric Machines[END_REF][START_REF] Hilgert | Comparison of magnetostriction models for use in calculations of vibrations in magnetic cores[END_REF][START_REF] Javorski | A Generalized Magnetostrictive-Forces Approach to the Computation of the Magnetostriction-Induced Vibration of Laminated Steel Structures[END_REF][START_REF] Galopin | Caractérisation et modélisation des déformations induites par les forces magnétiques et par la magnétostriction[END_REF]. The general principle of this method is to calculate the equivalent forces (fictive forces) in a mechanical analysis (section 3.4.3.4) in order to reproduce the deformations and displacements (due to magnetostriction or Maxwell forces...). These nodal forces are function, inter alia of magnetic quantities such as the distribution of calculated magnetic field (section 3.4.3.2). In general, the computation of the nodal forces is fulfilled in two stages: computation and assembly of the elementary forces [START_REF] Mbengue | Étude des déformations induites par l'aimantation des dispositifs électrotechniques: développement d'un modèle magnéto-élastique macroscopique[END_REF].

Elementary forces computation

It is inherent to the Finite Element Method that nodes are shared by multiple elements. However, unassembled nodal forces obviously belong to a single element instead of them being a sum of contributions from multiple elements (figure 3.4.24). Thus, these nodal force components constituting an element form an elementary force vector denoted -→ F µ e (equation (3.4.6)). In our case, our structure has been meshed thanks to the Study of the laminated structure without air gaps outside of the corners, this is due to the concentration of the field lines in the inner side of the corner, this would explain the rounded shape at the corners of some transformers. There is also an intense localized induction level due to the presence of the coil in the upper horizontal column. The induction level obtained in the evaluation line (RD and TD) is around B = 1, 5T. The same observations were noticed for the magnetic field. The maximum magnetic field obtained is H = 1500 A/m (excitation coil location). 

Magnetostrictive deformation and induced stress results

The longitudinal components ε . The anisotropic effect is well reproduced by the simulation, the deformation along TD is 6 times larger than RD. Besides, the shear deformation is particularly high at the internal corner of the structure ε µ xy = 3.47 × 10 -6 . This is due to the fact that the magnetic field sweeps all angles as it switches from RD column to TD column (or vice versa). Also, given the positive magnetostrictive deformation of Si-Fe, the extension of the two legs (RD and TD) creates at the corner a high shear deformation.

Stress components σ µ xx , σ µ yy and σ µ xy induced in the structure for a maximum magnetic induction (B = 1.47T) are shown in figure 3.4.30 on the right. The stress level -given at instant t = T 4 -varies depending on regions (RD or TD). Firstly, the stress distribution is uniform along the length of the legs. Next, the stress generated in the xdirection corresponds to the transverse direction σ xx = 0.92MPa, and in the y-direction corresponds to the rolling direction σ yy = 0.12MPa. This stress difference is due to the difference in magneto-elastic behavior between TD and RD. On the other hand, shear stress is particularly significant in the corner of the structure (σ xy = ±0.26MPa). It is observed that the maximum magnetostriction does not correspond necessarily to a peak of magnetic induction (ε RD = 0.72 × 10 -6 and ε T D = 5.5 × 10 -6 at B = 1.4T ). In addition, the magnetostrictive anisotropy effect is very well predicted since each column contains only sheets with a single cutting direction RD or TD (figure 3.4.31c). However, the comparison of simulation results with experimental measurements can not be easily made. Indeed, the laminated structure is composed of several square-shaped sheets randomly assembled, hence the increase observed on the point A (presence of TD sheets). In this case, an homogenized model would be more appropriate and close to the real behavior of the structure. Study of the laminated structure with air gaps resentation of the magnetostrictive strain in the corner of the structure seems to be a suitable area. In fact, in the corner the magnetic flux sweeps all directions with respect to RD, which will give us a magnetostrictive behavior that evolves depending on the angle between magnetization and RD. 

Study of the laminated structure with air gaps

Transformer core are build from a stack of electrical steel sheets shaped in different forms (E-I core, U-I core...), creating necessarily involuntary small air gaps. Nevertheless, these air gaps can be voluntary created as in the case of inductors (chokes). When the magnetic field meets the air gaps, magnetic forces (Maxwell forces) appears generating noise and vibration besides the magnetostriction. However, unlike magnetostriction that occurs in the magnetic core, Maxwell forces act mainly at the interfaces between materials with different permeabilities (iron-air) inducing additional displacement of the structure. The present study focuses on the magnetic forces generated in the plane of From single sheet to laminated structures the electrical steel of a U-I shaped core and their contribution with the magnetostrictive deformation to the total displacement.

Structure and procedure description

Whether it is a transformer or an inductor, air gaps exist; in the case of transformers, the small air gaps are involuntary replaced by a non-magnetic medium like air or resin, but in the case of inductor, these air gaps are created on purpose filled by some materials immune to saturation to allow higher levels of magnetic flux. Unfortunately, these air gaps are a source of magnetic forces besides magnetostriction generating noise and vibration.

In order to study the effect of the magnetic forces in addition to the magnetostrictive deformation on the total displacement, a second ferromagnetic structure including air gap has been developed, figure 3.5.1. The structure assembly consists of U-I stacked core of non-oriented material (3%Si-Fe) without any lap joint assembly (no attractive inter-laminar forces). Hence, only attractive forces in the plane of the structure exist. The introduction of two air gaps in the flux path helps in the production of these magnetic forces, figure 3.5.1. These air gaps are parallel to the rolling direction (RD). Furthermore, materials with different mechanical properties and thickness are inserted in the air gap to evaluate their effect on the total displacement. The typical mechanical properties of the chosen air gap materials are described in table 3.2. The structure is excited by a voltage magnetization system used previously (figure 3.3.5). A current I max = 10.5 A at f = 50Hz is then imposed to the feeding winding of 110 turns creating a magnetic field. Accordingly, a displacement due to magnetostriction and magnetic forces takes place. Like magnetostrictive strain, Maxwell forces occur at a fundamental frequency twice the excitation one. Several air gap materials are tested to study their influence on the total displacement. Given the small displacement magnitude in operation and for the seek for accuracy, the displacement measurements are obtained using the laser vibrometer. The displacement is measured at two key points on the I-shaped core (P 1 , P 2 ) in the direction -→ y (figure 3.5.1a).

To maintain the assembly of the magnetic circuit (I-U stacked sheets), a mechanical clamping is applied on each column of the core (figure 3.5.2). The clamping pressure is carefully chosen to keep together the different parts (U-shaped sheets, I-shaped sheets and the air gap material) without inducing a significant stress that can change the magneto-elastic behavior of the structure. 

Separated clamps

Finite Element Simulation

Consideration of Maxwell forces in the air gap

To calculate the magnetic forces applied to the structure, several mathematical expressions of electromagnetic tensors exist including the Maxwell tensor (Minkowski, Einstein & Laud...). The Finite Element software ANSYS calculates the magnetic forces at the air-iron interface by the Maxwell stress tensor approach. Then, these forces are used as loads in the structural analysis in addition to the magnetostriction forces. In the following we remind the expression of the Maxwell tensor and some simplifying assumptions.

Maxwell stress tensor method

The electromagnetic tensor is a function of the induction B and the magnetic field H, it is written in a general way in the form:

T = B ⊗ H - 1 2 HBI (3.5.1)
I corresponds to the identity tensor.

The surface forces density is then defined as the product:

f s = [T ] n (3.5.2)
where n is the normal vector on the surface (figure 3.5.3).

𝑛

Vacuum: 𝜇 0 Medium: 𝜇 The classical expression of the Maxwell tensor for a magneto-static conducting medium corresponds to the expression of the tensor in a non-magnetic medium (vacuum or material of negligible susceptibility):

Estimation of displacement due to Maxwell forces and magnetostriction by analytical approach

Figure 3.5.5 gives a schematic view of the U-I shaped core and air gap material of thickness e subjected to a stress σ corresponding to a compressive stress due to Maxwell forces. Providing uniaxial conditions of stress, the components of stress tensor σ and strain tensor ε in the structure reference frame ( -→ x , -→ y ) can be written as:

σ = 0 0 0 -σ ; ε = σ E ν 0 0 -1 (3.5.5)
where E is the Young modulus and ν is the Poisson ratio of the air gap material. The elongation of the air gap material of thickness e in the -→ y direction can be written as: 

ε yy = -σ E = ∆e e ( 3 

FE computation Results

To investigate the deformation and displacement generated in the U-I shaped core because of magnetostriction and Maxwell forces in the air gap, two key points were chosen on the structure where the results have been extracted (figure 3.5.7). Given the structure symmetry, only the left leg of the structure will be discussed, the right leg has shown the same behavior. As the real structure, the rolling direction is along the vertical legs and hence the magnetization, while the top and bottom leg are along the transverse direction. To observe the contribution of each phenomena, the simulation results are shown when the deformation and the displacement are only due to magnetostriction, only due to Maxwell forces and due to the sum of both phenomena. Contrary to real samples (two air gap materials), three types of air gap materials were computed on the structure, from a relatively hard material equivalent to "glass mat" (Young modulus E = 10 GPa) to a soft material equivalent to a rubber (Young modulus E = 13 MPa). Between the two, a material of Young modulus E = 0.5 GPa (Teflon PTFE) is also computed. From single sheet to laminated structures distributed compressive stress applied on both side of the iron sheet (figure 3.5.8b). For the 1.9 mm air gap, the tendency is the same between simulated and analytical approach but in lower magnitude (0.55 T and 0.4 T respectively), whereas, the magnetic induction at the air gap is around 0.38 T. 

Displacements results

Figure 3.5.9 shows the computed total displacements at point P1 due to magnetostriction, Maxwell forces and the sum of both of them over one period of current and for three different air gap materials. The results are shown for two air gaps thickness (1mm and 1.9 mm), nevertheless, the tendencies are the same. Hence, the discussion will focus on only the 1 mm air gap. In general, in all three figures (figures 3.5.9 a, c and e) and whatever the air gap material, the displacement due to magnetostrictive strain is the same and has a negative sign. In fact, whatever the hardness of the air gap material, the magnetostrictive deformation is transmitted from one side of the air gap material to the other side and hence, to the free leg (I-shaped sheets). As the I-shaped leg is free to move, nothing prevent the expansion of magnetostrictive deformation (in one direction). The negative sign means that the displacement takes place in the opposite side of y-axis. Looking at the displacement due to Maxwell forces, the amplitudes decreases progressively with the increase of the air gap material Young modulus. Furthermore, unlike the displacement due to magnetostriction, displacement due to Maxwell forces is positive (attractive forces). Which means that the two phenomenon act in the opposite direction along the air gap thickness. This is more visible on the displacement due to both magnetostriction and Maxwell forces. The harder is the air gap material (Young modulus increase), the less it compresses under the effect of Maxwell forces and therefore the associated displacement is decreased (figure 3.5.9 a, c and e). Since the displacement due to Maxwell forces acts in the opposite direction to that of magnetostriction, the total displacement will depend mainly on the Young modulus of the air gap material. Thus, with an appropriate and optimal Young's modulus value (for a fixed air gap thickness), it is possible to compensate both phenomena and nearly cancel the total displacement.

As it can be seen from figure 3.5.9, the total displacement changes sign when moving from E = 0.5 GPa to E = 10 GPa, Thus, the optimal value is situated in this interval. In the same excitation conditions, this value is estimated to an air gap material of E = 1.49 GPa for 1 mm air gap and E = 1.68 GPa for 1.9 mm air gap.

Analytical approach results and comparison with FE computation results

The FE simulation results were compared with the results obtained with an analytical approach using the relation described in equation (3.5.11). Similarly, in analytical calculation the two phenomena were estimated separately then the sum of both estimated too. The comparison results are summarized in figure 3.5.10. Except some qualitative differences, the results obtained by the analytical approach are very satisfactory and close to those obtained by FE simulation. In this respect, the results have the same order of magnitude and follow the same tendency. Going from a hard Young modulus to a soft one, the influence of magnetostriction decreases in favor of magnetic forces (Maxwell forces) and this for the two air gaps thickness. Furthermore, this comparison confirms that the FE model reproduces accurately the structural behavior of the structure including magnetostriction and magnetic forces phenomena.

From single sheet to laminated structures Comparison of total displacements between analytical and computational approach at point P1: 1mm air gap (on the left), 1.9 mm air gap on the right). To reduce the effect of unbalanced clamping, a second solution of clamping is adopted. As shown in figure 3.5.12a, thanks to a linear slide, the air gap value can be adjusted with an accuracy of 0.01 mm over the entire length of the I-shaped core, leading to a more uniform clamping. The displacement results obtained by the second solution of clamping are shown figure 3.5.12b, the difference between the two point is less striking. On second thoughts, there would be probably some magnetic field leakage leading to unbalanced magnetic forces and hence, different displacements. Besides, because of the imperfection of the single sheet assembly (inaccuracy of process tolerance ), the contact of the U-shaped core, the air gap material and the I-shaped core is not perfect as it can be seen on figure 3.5.13.

Measurements results and comparison

From single sheet to laminated structures

In the case of a soft material (13 MPa), this pivot behavior due to the misalignment is "absorbed". On the basis of these measurements, the following observations are pointed out:

• The total displacement of the structure depends greatly on the tightening performed.

• A separate clamping can lead to unbalanced displacement of the structure, which can be a source of additional vibration. To avoid this issue, an uniform clamping is advised.

• The assembly precision of a U-I core structure, can have a great impact on the total displacement of the latter during its operation (e.g. misalignment at the air gap).

• Under optimal conditions of assembly and tightening, an optimal choice of air gap materials can significantly reduce the displacement of the structure and consequently its vibration.

Conclusion

Magnetic and magnetostrictive characterization of a laminated structure made of nonoriented electrical steel using strain gauges and laser vibrometer have been presented. A comparison between two types of magnetization (current and voltage) shows similar amplitudes of magnetostrictive deformation, nevertheless the current or voltage waveform of the excitation were different. Moreover, magnetostrictive deformation results

Conclusion

measured by strain gauges have shown acceptable agreement with laser vibrometer results. The laser vibrometer setup afford some advantages that strain gauges method can't, like measurements along the height of the lamination and accurate measurements under low magnetization. Besides, magnetic and magnetostrictive behavior under compressive stress were measured and showed similar trends to the single sheet results. Next, a two dimensional FE computation method to predict magnetostrictive deformation in a frame structure was presented. This method considers the magnetic and magnetostrictive anisotropy of the studied material and requires the energy based model presented in chapter 2. The Finite Element results were compared to measurement results obtained previously on a laminated structure. The results have shown good agreement on the transverse direction, however, due to the random assembly of the laminated structure, the comparison on the rolling direction did not give satisfactory agreement. Nevertheless, the magnetostrictive measurement results obtained on the laminated structure show larger deformation compared to single sheet (RD). This reveals that the isotropic hypothesis for non-oriented materials during a sheet assembly can lead to an increase in the overall deformation of the structure: Because of the presence of some sheets in TD among the RD sheets, even if the percentage is small, their influence remains significant.

A second laminated structure including air gaps inducing magnetic forces in addition to the magnetostrictive deformation is presented. The aim of this study was to investigate the interaction between magnetostriction and magnetic forces by acting on the hardness of the air gap material. Displacements measurements using laser vibrometer were obtained for different materials and compared to FE and analytical results. First, the FE method calculation was developed to include Maxwell forces in addition to magnetostriction. Then, a validation is performed by analytical approach. The FE method showed similar results to the analytical method in terms of displacement. However, when compared to the measurement results, a good agreement was found for only one material. An improvement of the experimental setup or of the model still needed to achieve better matching.

To conclude, going from a simple single sheet to a simple assembled structure like a transformer core is not obvious. This complexity lies in several parameters: assembly precision, resin, magnetostriction and magnetic forces interaction, stress.... All these mechanisms may influence the vibration of the structure. In the next chapter, we will investigate the interaction between magnetostriction and mechanical resonance of the structure. CHAPTER 4

INVESTIGATION ON MECHANICAL RESONANCE INDUCED BY MAGNETOSTRICTIVE DEFORMATION

Introduction

This chapter deals with the investigation of mechanical resonance induced by magnetostrictive deformation in a laminated structure. First, the background of the study and a short description of the modal analysis will be given. Then, the estimation of the magnetostriction strain and Maxwell forces contributions to the total displacement of the structure is presented. For the computation of the eigenfrequencies and eigenmodes, a mechanical model of the structure is developed. This model includes the friction contact interactions between the neighboring laminated sheets. After that, the finite element calculations will be compared to the experimental modal analysis results. Based on these results, the following section will detail the development of a numerical model based on analytical and numerical homogenization to better approach the real dynamic behavior of the structure. In the last section, the magnetization at resonance procedure will be presented and the magnetostriction strain induced resonance results will be described and discussed in details.

A general overview 4.2.1 Background

The most typical noise component of transformers and rotating machines is the noise coming from electromagnetic sources. Besides the contribution of Laplace forces in conductors (e.g. coils), electromagnetic noise in these electrical devices is caused mainly by magnetostriction (e.g. ferromagnetic core) and Maxwell forces (e.g. air gap). As a consequence, noise and vibration are inherent characteristics of electrical devices and can not be completely eliminated. According to authors in [START_REF] Mohammed | Coupled Magnetoelastic Finite Element Formulation Including Anisotropic Reluctivity Tensor and Magnetostriction Effects for Machinery Applications[END_REF], magnetostriction could be responsible for up to 50% of the total electromagnetic forces. That's why it remains a preoccupying source of noise in rotating machines and transformers as shown in these studies [START_REF] Belahcen | Vibrations of Rotating Electrical Machines Due to Magnetomechanical Coupling and Magnetostriction[END_REF][START_REF] Moses | Measurement of magnetostriction and vibration with regard to transformer noise[END_REF][START_REF] Moses | Contribution of magnetostriction to transformer noise[END_REF]. Due to magnetostriction, structure lamination like transformer and rotating machine can resonate under magnetization, increasing the vibration and the acoustic noise. Despite that, there are few works that deal with the interaction of magnetostriction with the structure vibration of electrical devices [START_REF] Kamimoto | Magnetostriction and motor vibration[END_REF][START_REF] Somkun | Mechanical resonance in nonoriented electrical steels induced by magnetostriction under PWM voltage excitation[END_REF][START_REF] Mininger | Analysis of electromagnetic strains on a structure such as switched reluctance machine[END_REF].

Modal analysis

The fundamental notion that usually intervenes in vibration problem is the notion of natural frequency. As a matter of fact, when a structure (rotating machines, transformers, etc.) with low damping is excited by a periodic forces of frequency f , it may undergoes resonance vibrations if the excitation frequency matches one of the eigenfrequencies of the structure (mode at frequency f ). Modal analysis provides information on the dynamic characteristics of structural elements at resonances, and thus helps in understanding of their dynamic behavior. Each vibration mode is linked to a natural frequency, the modal representation in mathematical terms consists of using the basis of the eigenfrequencies and the eigenforms of the structure vibration. The dynamic behavior of a multiple degree of freedom system can be represented by a linear second-order differential equation with constants coefficients matrices [M], [C] and [K] which can be written as:

[M] { ẍ} + [C] { ẋ} + [K] {x} = {F} (4.2.1)
where:

[M] is the mass matrix [C] is the damping matrix [K] is the stiffness matrix {F} is the exciting force vector {x} , { ẋ} , { ẍ}: the displacement vector, and its first and second derivatives with respect to time, ( . ) ≡ d dt . For the calculation of the FE technique, an undamped system is usually considered. Hence, The equation (4.2.1) consists only of mass M and stiffness K. The equation of free vibration will be written as:

[M] { ẍ} + [K] {x} = 0 (4.2.2)
Assuming a solution type in the following form:

Magnetostriction and Maxwell forces so that there would be no air gap or overlaps along the flux path (representing only the magnetostrictive vibration). The structure is set in horizontal position as shown in figure 4.3.1. An excitation winding in black was set on one leg to magnetize the ferromagnetic structure. 

Estimation of the displacement due to magnetostriction and Maxwell forces

Magnetostriction is a magneto-mechanical phenomenon that appears in ferromagnetic materials when the domains have to align along the direction of the magnetic field, resulting in a strain with constant volume, taking place twice the fundamental frequency of the magnetic field [START_REF] Ekreem | An overview of magnetostriction, its use and methods to measure these properties[END_REF]. However, In many works, magnetostriction has been modeled as a force [START_REF] Mbengue | Macroscopic modeling of anisotropic magnetostriction and magnetization in soft ferromagnetic materials[END_REF][START_REF] Lahyaoui | Macroscopic model of magnetostriction based on energy minimization[END_REF][START_REF] Liu | Reduction of Power Transformer Core Noise Generation Due to Magnetostriction-Induced Deformations Using Fully Coupled Finite-Element Modeling Optimization Procedures[END_REF]. According to these two statements, magnetostrictive forces can be defined as the equivalent force field which creates the same strain as the magnetostrictive strain. Furthermore, the spatial distributions of magnetostrictive forces is inhomogeneous and difficult to interpret [START_REF] Shilyashki | Spatial distributions of magnetostriction, displacements and noise generation of model transformer cores[END_REF], because there is no established model for 3D magnetostriction capable of describing the spatial order decomposition of magnetostriction equivalent force. In contrast, the spatial decomposition of magnetic forces can be easily predicted as in the case of rotating machines (figure 4.3.2). Magnetostrictive strain causes the dimension of the core laminations to change and vibrate when the core is magnetized by an alternating magnetic field, which can lead to mechanical resonance [START_REF] Kamimoto | Magnetostriction and motor vibration[END_REF][START_REF] Somkun | Mechanical resonance in nonoriented electrical steels induced by magnetostriction under PWM voltage excitation[END_REF]. Moreover, the Maxwell forces present in the air gap can be responsible for higher noise if resonance happens [START_REF] Kako | Experimental study on magnetic noise of large induction motors[END_REF][START_REF] Pellerey | Coupled numerical simulation between electromagnetic and structural models. Influence of the supply harmonics for synchronous machine vibrations[END_REF][START_REF] Bouayed | Noise and vibration of a power transformer under an electrical excitation[END_REF]. As these forces occur at the same frequencies as magnetostriction [START_REF] Lâftman | Magnetostriction and its contribution to noise in a PWM inverter fed induction machine[END_REF], it is hard to quantify how much Maxwell efforts are greater or lower than magnetostrictive efforts. To make this difference, as men-tioned earlier, we worked on a structure without any air gaps or overlaps and the only Maxwell forces that will be present, will appear at the circumference of the ferromagnetic structure. These forces can be due to magnetic field leakage lines or the presence of a magnetizing coil as shown in figure 4.3.3. Thereby, the Maxwell tensor σ Maxwell due to leakage magnetic field can be expressed as follows:

σ Maxwell = B 2 leakage 2µ 0 (4.3.1)
where B leakage is the magnetic flux density of leakage magnetic field lines (e.g. corners, coil) and µ 0 = 4π10 -7 H/m is the vacuum permeability. As the circumferential magnetic flux density is very low in magnitude (except the coil position), the pressure or stress induced is weak, particularly, in the measurements positions (the lower part of the structure, figure 4.3.3). The magnetostriction model used for the computation of the magnetostrictive strain ε µ was described in chapter 2. We remind that the proposed model aims to minimize the free energy inside the material.

In the finite element calculation, the magneto-elastic coupling is assumed to be weak. First, the magnetic simulation is carried out and the distribution of the magnetic field in the structure is produced. Then, a magneto-elastic problem is formulated by using the equivalent nodal method [START_REF] Vandevelde | Finite-Element Computation of the Deformation of Ferromagnetic Material Taking Into Account Magnetic Forces and Magnetostriction[END_REF][START_REF] Hilgert | Comparison of magnetostriction models for use in calculations of vibrations in magnetic cores[END_REF][START_REF] Mohammed | Transient Modeling of Coupled Magnetoelastic Problems in Electric Machines[END_REF]. The general principle of this method is to calculate the equivalent forces to be applied to the nodes of the mesh in a structure calculation in order to reproduce the magnetostrictive deformation. These nodal forces are naturally functions, among others, of magnetic quantities initially calculated. The calculation of the nodal forces is done in two stages: computation and assembly of the elementary forces. These nodal forces equivalent to the magnetostriction are calculated for all the nodes of the problem and constitute the loading to be applied in the structural computation. late equivalent forces due to magnetostriction. These results show that at the measurement zones far from the excitation coil (top horizontal bar) the displacement due to the magnetostrictive strain is ten times greater than the displacement due only to Maxwell forces (due to leakage) U Magnetostriction =10×U Maxwell . Therefore, the displacement due to Maxwell forces U Maxwell caused by the magnetic field leakage, can be neglected in front of the displacement due to magnetostrictive strain U magnetostriction . Hence, only magnetostriction will be considered as the main source of mechanical resonance in our study.

Mechanical part: determination of resonance frequencies of the ferromagnetic structure

This section presents the simulation and experimental modal analysis results conducted as part of a research collaboration with the acoustic and vibration team at the Roberval laboratory at UTC [START_REF] Lahyaoui | Investigation on Mechanical Resonance Induced by Magnetostriction in a Structure Based on Si-Fe Sheets[END_REF].

Simulated modal analysis 4.4.1.1 Description

In order to identify the eigenmodes of the structure, a modal analysis simulation has been carried out by the Finite Element Analysis (FEA). The software ANSYS was used to perform the calculations. Since the structure is a set of laminated frame sheets, and to get close as possible to its real vibrational behavior, the structure is modeled as an assembly of 40 frame sheets of thickness 0.35 mm (the same as the real structure), with a contact condition between the sheets corresponding to a given friction coefficient (figure 4.4.1a). Based on measurement and by acting on this coefficient by fitting, we can best simulate the behavior between the sheets. In our case, it corresponds to 0.3 (steel-steel friction). Some experiments have shown that the vibrational behavior of a laminated structure is quite different from that of an homogeneous thick structure [START_REF] Wang | Effects of Laminations on the Vibrational Behaviour of Electrical Machine Stators[END_REF].

In this respect, another finite-element model is built, called homogeneous model made of homogeneous medium (isotropic) without any layers (figure 4.4.1b). To obtain both the in-plane modes and the out-of-plane modes at the same time, both models were modeled as a collection of three-dimensional block.

The material constants used in the calculations are shown in table 4.1. The same conditions as experimentation were respected (no boundary conditions) because the natural frequencies are very sensitive to the simple difference of boundary conditions. 3% Si-Fe NO Grade M235-35A

Conventional density (kg.m -3 ) 7600

Poisson ratio ν 0,3

Young Modulus (GPa) 200

Table 4.1: Typical physical properties. Investigation on mechanical resonance induced by magnetostrictive deformation Two different experimental setups were used to measure all these modes between 0 and 3.5 kHz.

Transfer function

The transfer function is a mathematical model defining the input-output relationship in the frequency domain of a linear physical system. 

H i j (ω) = X i (ω) F j (ω) (4.4.1)
where ω is the excitation frequency, X i (ω) is the Fourier transform of the response x i (t) in DOF1 i, and F j (ω) is the Fourier transform of a force f i (t) acting in DOF number j. An estimation of all mode shapes of the laminated structure can be obtained from only one row or one column of the transfer matrix [H]. A row of transfer functions can be obtained from an experiment by measuring the response in all DOFs, while the point of excitation is fixed to one DOF. To obtain a column of [H], the response is measured in one DOF while the point of excitation is moved between all DOFs. The second procedure is used to obtain all mode shapes for the structure under study.

Input Force

In-plane modes

To conduct this in-plane measurements, a mono-directional accelerometer and a hammer with an impedance head were employed. The frequency response functions "acceleration over force" were measured on the four sides of the structure plane (see figure 4.4.5). Note that the accelerometer was fixed at the reference point 11, while the hammer moved over 48 points.

Mechanical part: determination of resonance frequencies of the ferromagnetic structure 

Out-of-plane modes

The out-of-plane measurements were done with a scanning laser vibrometer (figure 4.4.6 on the left). The excitation force, measured with an impedance head, was applied by a shaker fed with a white noise (figure 4.4.6 on the right). On the other side, the scanning vibrometer measured the acceleration over 1088 points. 

Comparison between simulated and experimental results

In figure 4.4.7, the mean Frequency Response Function (FRF) averaged over the 48 points is presented for the in-plane modes. We clearly see six resonant peaks over the studied range (0-3.5 kHz). The corresponding mode shapes are the same as simulation (figure 4.4.8). Similarly, the mean FRF of the out-of-plane experiment presented in Investigation on mechanical resonance induced by magnetostrictive deformation figure 4.4.9 shows also six resonant peaks. The corresponding mode shapes obtained by modal extraction, are shown in figure 4.4.10. Two legs of the ferromagnetic structure have a strange behavior in the modes 3 to 6. One could think that this result is related to measurement noise. However, the same measurements have been done a second time after having rotated the structure a quarter turn, and the same legs exhibit this behavior. We can therefore conclude that the local phenomena observed on these two legs are related to the structure itself. This could be explained by some local detachment of the layers inside the structure. Investigation on mechanical resonance induced by magnetostrictive deformation Table 4.2 summarizes and gives a comparison between experimental and computed values of natural frequencies for laminated and homogeneous finite-element models. The results show that the natural frequencies of the in-plane vibrational modes obtained from the two models are very similar and all of the predicted modes were obtained with a good frequency accuracy by experiment. Moreover, authors in [START_REF] Wang | Effects of Laminations on the Vibrational Behaviour of Electrical Machine Stators[END_REF][START_REF] Bouzek | Vibration behaviour of the asynchronous machine magnetic core[END_REF] have shown that the natural frequencies of the in-plane modes are independent of the thickness of the laminations and a homogeneous medium model would be sufficient. For the out-of-plane modes however, except the first mode, the natural frequencies are quite different from simulation but remains acceptable for the laminated finite element model. In reality, the structure sheets assembly is maintained by varnish, this could modify the mechanical properties of the structure (steel + varnish). Structure with inter-laminar slip is much more complicated because of both the mutual elastic effects of adjacent laminations and the presence of varnish between them, which can lead to an increase or a decrease of the resonance frequency [START_REF] Beards | The damping of structural vibration by rotational slip in joints[END_REF][START_REF] Druesne | Modal stability procedure applied to variability in vibration from electromagnetic origin for an electric motor[END_REF]. On the other hand, the homogeneous finite-element model exhibits larger eigenfrequencies than those found by experiment for out-of plane modes. As a result, the frequency dependence on the out-of-plane modes and thus, on the structure thickness should be considered to study the dynamic behavior of a laminated structure.

Thereby, to model the dynamic behavior of a laminated structure, the establishment of a unique model to predict the vibrational behavior can be a challenging task because it depends on many parameters like sliding, friction, clamping and impregnation. Hence, to study the effect of impregnation, a numerical model based on two different homogenization techniques is used. First, the numerical modal analysis is presented. Then, a comparison between the experimental and the numerical modes is discussed.

Modes

Frequency Investigation on mechanical resonance induced by magnetostrictive deformation Analytical expressions of the equivalent elastic modulus are given by Juraj Sarlosi et al. [START_REF] Šarloši | Effective Material Moduli for Composites[END_REF], (S for steel and V for varnish):

E x = E y = µ S E S + µ V E V (4.4.5) E z = 1 µ S E S + µ V E V (4.4.6) G xz = G yz = G S G V µ V G S + µ S G V (4.4.7)
The other mechanical properties are obtained with rules of mixture (mean value) as follows: Almost all the estimated equivalent modulus are similar with both methods, except G xy that are significantly different. However, in the following this modulus has no significant effect on natural frequencies (see Table 4.5).

ρ = µ S ρ S + µ V ρ V (4.4.8) ν = µ S ν S + µ V ν V (4.4.9) 
G xy = µ S G S + µ V G V ( 4 

Comparison between the two homogenization

The ferromagnetic structure is now modeled as a homogeneous material with the previous equivalent properties. The natural frequencies and modes shapes are calculated with free boundary conditions. The results are presented and compared to the experimental results in table 4.5 (the percentage represents the frequency relative errors). First of all, the tendencies are similar with both homogenized set of parameters. Then, calculations match very accurately the experiment for in-plane modes. Besides, the cal-culations give an accurate estimation for the first out-of-plane mode. However for higher out-of-plane modes the relative differences between measurements and calculations are important. These differences could be explained by some detachments between the layers, as mentioned previously. These local phenomena inside the structure could indeed reduce the stiffness of the structure and decrease the experimental natural frequencies for the modes that present a flexural behavior near the detachments.

Modes

The laminated structure model response was close to the experimental one. Despite, some differences for out of plane modes, the results of simulated modal analysis and the experimental measurements have shown a good agreement. Next, a numerical modal analysis has been presented and compared to experimental results. In the next section, magnetostriction induced resonance will be studied for the found modes. The waveform and the amplitude of the current are adjusted by means of a signal generator which is connected to a power amplifier. Then, the current signal flows to the excitation coil of the ferromagnetic structure and a magnetic field is established, which in turn causes magnetostrictive strain in the stacked sheets. A differential and a current probes were used to monitor the voltage and the current respectively as the frequency increases. The laser interferometric vibrometer has the ability to measure magnetostriction deformation at low excitation [START_REF] Ghalamestani | Magnetostriction measurement by using dual heterodyne laser interferometers[END_REF], it can measure displacement up to a resolution of 0.1 nm. If we consider the dimension of the ferromagnetic structure, this corresponds to a strain resolution of 0.4 nm/m and a measurable frequency range of 0-3 MHz, which is largely enough for the displacement measurement in this manipulation.

Investigation on mechanical resonance induced by magnetostrictive deformation

• Modes 1, 3 and 4 for out-of-plane modes.

It is known that magnetostriction λ = ∆L L occurs mainly at twice the excitation frequency f [START_REF] Ekreem | An overview of magnetostriction, its use and methods to measure these properties[END_REF][START_REF] Olabi | Design and application of magnetostrictive materials[END_REF]. Hence, for instance, in order to magnetically excite a mechanical resonance frequency of 1430 Hz (in-plane mode number 4), the magnetizing frequency has to be equal to 715 Hz. To do so, we will perform a magnetic frequency sweep below and above the resonant frequency, and the evolution of the response of the ferromagnetic structure displacement will be measured instantaneously. We notice that peak-to-peak displacement at the resonance makes a significant increase. Moreover, the displacement at resonance varies from 2.3 to 14 times the displacement due just to magnetostriction (out of resonance). Due to resonance, at 394 Hz, the displacement is increased by a factor of 200 %, by 120 % for 640 Hz, 200% for 1250 Hz and 1300% for 1430 Hz. As shown in figure 4.5.3d, the so-called "breathing mode" (1430 Hz) is the most important in term of displacement. As explained in the mechanical part, the simulated out-of-plane vibrational modes are different from the experimental one due to local phenomena (detachments of the layers inside the structure). For the chosen out of plane modes, the resonance occurs at the experimental natural frequencies. It can be seen that natural frequencies are slightly shifted of a few hertz, this is assumed to be due to boundary conditions (horizontal position of the ferromagnetic frame). As expected, the results presented in figure 4.5.4, confirm the mechanical resonance of the ferromagnetic structure in the out-of-plane direction. The peak displacement at resonance is notably significant, it has been increased by 263% for 215 Hz, by 533% for 780 Hz and by 214% for 1096 Hz. shows the peak amplitude of displacement spectrum below, at and above the resonance frequency for the in-plane and out-of-plane modes respectively. Likewise, the Fourier analysis confirms the same finding: at mechanical resonance, the spectrum line corresponding to resonance frequency tends to be very pronounced due to magnetostriction deformation generated in the ferromagnetic structure. Since the structure is excited with f excitation = f resonance 2 , in some spectrum (figure 4.5.5a), we can clearly see the magnetizing frequency. 

Conclusion

This chapter has presented an investigation on mechanical resonance excited by magnetostrictive strain in an impregnated laminated structure, with an assembly without any lap joints or air gaps. The displacements of the structure due to resonance were measured by using the laser vibrometer, allowing measurements of the nanometer scale. The Finite Element results showed good agreement with the experiment in terms of eigenfrequencies and modes shapes for the in-plane modes shapes. Whereas, some differences have been noticed for the out-of plane modes due to local phenomena (detachment of the layers inside the structure) leading to a lack of accuracy in calculating the eigen modes. To face this issue, a numerical homogenization has been proposed. Despite that, the differences between experiment and calculation last for higher out-of-plane modes that present flexural behavior near the detachments. The main conclusions are recalled hereafter:

1. Despite some frequency differences in out-of-plane modes, the experimental and the simulated laminated model have shown similar results. Nevertheless, the proposed homogenized model could not properly model the out-of-plane behavior, neither by numerical nor analytical methods, although the two methods have shown good agreement between them. More investigation is needed to understand these differences.

2. The increase of peak to peak displacement of the ferromagnetic structure at resonance is due to deformation of magnetostriction, for in-plane and out-of-plane directions.

3. The study reveals that magnetostriction alone is likely to excite all the resonances of the ferromagnetic structure when the frequency of magnetostriction excitation is consistent with a natural frequency of the ferromagnetic structure without necessarily knowing the spatial distribution of this deformation.

4.

Resonance occurs even at very low excitation amplitude. Hence, the presence of harmonics (e.g. non linearity of the material, pulse width modulation (PWM) excitation) even with small amplitude of the magnetizing field can induce resonance at frequencies far from the fundamental frequency. It is necessary to consider their influence on magnetostriction deformation.

General conclusions

Magnetostrictive materials provide a conversion of electromagnetic energy into mechanical energy. These materials see also their magnetic state influenced by mechanical stress, so they can be used in many mechatronic or electrical devices such as: actuators, sensors, transformers, energy harvesting systems and many other applications. The choice of these materials, the control of their behavior and their integration in devices requires not only a knowledge of their properties of use, but an understanding of their evolution under different types of solicitations: stress effect, frequency effect, type of excitation and so on. This thesis work was an opportunity to provide an answer to these scientific and technological issues. The work focuses on the study of magnetostriction in non-oriented Si-Fe alloy materials used for transformer application in a perspective of reducing vibration and noise. The ultimate goal of the work presented here is to study magnetostriction phenomenon from two points of view: material (electrical steel) and device (laminated structure). Besides, an interaction between modeling and experimental approach has been conducted as well on two scales (material and device). In this respect, this thesis work offers a more complete study regarding existing works and made the link between the material and the device in term of behavior.

In the first chapter a state of the art was presented describing the magnetic and magnetostrictive behavior of ferromagnetic materials by making the connection between their micro structure and their response at the macroscopic scale with an emphasizes of the stress effect on these behaviors. It was noticed that these magneto-elastic effects are complicated and depend on several parameters. It has also been found that their modeling has been the subject of several studies with different approaches whose most used are phenomenological and multi-scale approaches.

Next, in the second chapter, after detailing the measurement procedures, an experimental characterization under uni-axial mechanical stress of magnetic and magnetostrictive behavior of Si-Fe material was presented. In addition to the stress, to study the anisotropy effect, 10 samples cut in several directions were used. These measurements have made it possible to identify the magneto-elastic response of the materials Conclusion and perspectives in terms of magnetic induction and magnetostrictive deformation. The results obtained showed a strong dependence of the magnetic and magnetostrictive properties on mechanical stress. Also, the evolution of these properties also depends on the direction of the samples highlighting the anisotropy of the behavior even under mechanical stress. Furthermore, measurement results under stress and with two distinct excitation frequencies have highlighted the coupled effect of frequency and stress on magnetostrictive deformation.

At the end of this characterization, we created a rich experimental base allowing an identification of the model parameters and an in-depth confrontation with the modeling. The existing model based on an energetic, macroscopic and anisotropic approach has been improved and extended to take into account the effect of mechanical loading on magnetic and magnetostrictive properties. The modeling results showed a good agreement with those of the measurements for most of the studied directions. The main limitations of this modeling approach remain the large number of parameters and the bad restitution under large value compressive stress. It seems necessary to look into the optimization of certain energy terms and especially those related to the anisotropy and demagnetizing field because they control respectively the influence of the anisotropy and the stress effect magnetically speaking.

The third chapter had for ambition to study a laminated structure without and with air gaps respectively assembled with the previously characterized material. This approach going from the material to a device approaching a transformer structure is one of the strong points of this PhD work.

First of all, a simple laminated structure of square form was designed so that only magnetostriction takes place (without the magnetic forces). Magnetic and magnetostrictive measurements under two types of excitation (current and imposed voltage) and without applied stress have shown that the magnetostriction deformation obtained in both cases remains unchanged. These measurement results performed so far by strain gauges were compared to those obtained by the laser vibrometer and similar orders of magnetostriction magnitude were observed. The laser technique is a new measurement technique used in this thesis that allowed making measurements which could not be possible with the strain gauge. Namely, measurements along the height of the structure laminations which revealed that the deformation was not uniform throughout the lamination and could induce an increase in the magnetostrictive deformation when using non-oriented grain materials to manufacture transformer core. Next, the finite element calculation tool has been validated on a structure similar to the real one. The FE results showed a good match on the transverse direction but were not satisfying for the rolling direction. On the latter we found a larger deformation in experimentation than in the finite elements calculations. This is due to the random assembly of the structure and can be explained by the presence of TD sheets among the RD ones, which leads to higher deformation compared to the only RD sheets case. Then, a characterization under uni-Prospects for future work axial mechanical compressive stress was presented. The results of these measurements showed a significant increase in magnetostriction deformation and a degradation of the magnetic properties in the structure, hence, care must be taken about the importance of transformer assembly to avoid more noise and vibration.

A second structure including this time air gaps was set up to study the contribution of Maxwell forces and the magnetostriction to the total displacement of the structure. It was observed that the two phenomena can interact and interfere in an opposite way, and can even lead to a cancellation the total displacement with good control of the air gap material (Young modulus). The FE method which took into account just the magnetostrictive deformation was expanded to consider Maxwell forces as well. Also, an analytical calculation has been developed to quantify the total displacement of Maxwell's forces and magnetostriction. The results showed good agreement between them. On the other hand, the measurement results showed a partial agreement. Further steps in this direction should be considered later to conclude.

Staying in this vision of reducing noise and vibration caused by magnetostriction, in the last chapter, we established that the mechanical resonance induced by magnetostrictive strain in a laminated structure (e.g. transformer core) can have a significant influence on the magnitude of structure vibrations and, consequently, on the acoustic noise generated. Firstly, the vibration eigen modes were calculated by the FE method with a 3D model to obtain in-plane and out-of-plane modes. The results of simulation were validated by an experimental modal analysis (EMA) on the laminated structure. The inplane modes have shown a good agreement between modeling and experiment, however, out-of-plane modes showed some differences. To address this problem, a numerical homogenization method has been proposed, despite that, the matching with experiment still not satisfying. These differences could be explained by some detachments between the layers observed in experiment. Secondly, the results showed that the structure would likely to resonate due to magnetostriction if magnetized at resonance frequencies implying excessive vibrations. Even worse, if harmonics are predominant in the magnetizing signal or a Pulse width modulation excitation (PWM) used in inverter, this may further increase the presence of resonance and hence high vibrations. Consequently, more care should be taken in such cases to control or avoid the phenomenon.

Prospects for future work

The contribution to the study of the magnetostriction phenomenon brought by this thesis work remains modest and incomplete, and needs to be further enriched. Given the limitations expressed by the simulation and experimentation results, extensions for our work can be found in the paragraphs that follow.

The model in its current configuration is limited to anhysteretic description of the magnetic and magnetostrictive behaviors. This limitation prevents its description of the H-coil and ampere's law comparison 

A.2 H-coil and ampere's law comparison

After the calibration was carried out on the H-coil, the real section has been determined (S H-coil = 1.75 10 -5 m²). Next, the measurements of the magnetic field strength by Hcoil (tangential component) will be compared to the measurements by ampere's law. The results of this comparison is shown in figure A.1. We remind that the H-coil was made of 100 turns. It can be observed that the magnetic field strength is almost the same for low and medium field, however, at high field strength the difference is significant. This difference can be explained by the magnetic field lines leakage, which correspond to a important quantity of the magnetic field according to the results of figure A.1. Hence, for the estimation of the magnetic field, we will use the ampere law. 
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Figure 0.0. 1 :

 1 Figure 0.0.1: Transformer in train locomotive (VonRoll website).

  Magnetostriction and magneto-elastic coupling tem (figure 1.2.1b). Adjacent domains are separated by domain boundaries or walls called Bloch walls (in-plane rotation of walls) or Neel walls (out of plane rotation of walls) in which the direction of the magnetic moment gradually and continuously changes from one domain to adjacent domains (figure 1.2.1c).

Figure 1 . 2 . 1 :

 121 Figure 1.2.1: Description of atomic dipoles, domains and domain walls in ferromagnetic materials.

Figure 1 . 2 . 2 :

 122 Figure 1.2.2: Magnetization vector in the cubic crystal reference frame.

Figure 1 .

 1 Figure 1.2.3 shows that the work (W =´-→ M d -→ H ) required to saturate the magnetization depends on the crystallographic direction. It is therefore possible to identify «easy directions». This extra energy obeys to material symmetries. Hence, for a cubic structures, a two parameters equation is generally used:

Figure 1 . 2 . 3 :

 123 Figure 1.2.3: Magneto-crystalline anisotropy: Cubic crystal lattice of iron showing the easy magnetization directions (< 100 >), the medium (< 101 >) and the hard magnetization directions (< 111 >) [61].

Figure 1 . 2 . 4 :

 124 Figure 1.2.4: Magnetic domains formation at the demagnetized state with the aim of the minimum energy level.

. 2 .Figure 1 . 3 . 1 :

 2131 Figure 1.3.1: Magnetization process (first magnetization curve) and corresponding domain configurations (microscopic mechanism).

Figure 1 . 3 . 2 :

 132 Figure 1.3.2: Typical hysteresis loop of a ferromagnetic material.

Figure 1 . 3 . 3 :

 133 Figure 1.3.3: Generation of Barkhausen noise due to Bloch wall movement.

Figure 1 . 4 . 1 :

 141 Figure 1.4.1: Sphere used to model ferromagnetic material: (a) A disorder behavior in para-magnetic regime (above Curie temperature). (b) Ordered behavior in ferromagnetic regime (below Curie temperature). (c) ferromagnetic regime with completely aligned domains with respect to the magnetic field.

Figure 1 . 4 . 2 :

 142 Figure 1.4.2: Longitudinal joule effect or longitudinal magnetostriction of some ferromagnetic materials versus magnetization [34].

Figure 1 . 4 . 3 :

 143 Figure 1.4.3: Magnetic hysteresis: (a) hysteresis loop, (b) magnetostriction as a function of the magnetic field H and (c) magnetostriction as a function of the magnetization M [45].

  (a) Poly-crystal of iron (Fe).

  Poly-crystal of nickel (Ni).

Figure 1 . 5 . 1 :

 151 Figure 1.5.1: Stress effect on magnetization [22].

( a )

 a Villari effect [64]. (b) Magnetostrictive force sensor based on the Villari effect [29].

Figure 1 . 5 . 2 :

 152 Figure 1.5.2: Villari effect : (a) principal, (b) application.

Figure 1 . 5 . 3 :

 153 Figure 1.5.3: Magnetic domains: magnetization process under stress of a material with positive magnetostriction like iron (λ 100 > 0) .

  Maximum magnetostriction variation under mechanical stress λ max (σ ). Magnetostrictive deformation λ (M) under different stresses (Si-Fe).

Figure 1 . 5 . 4 :

 154 Figure 1.5.4: Magnetostrictive deformation behavior under uniaxial stress for non oriented 3%Si-Fe steel cut in the rolling direction (RD) [106].

Figure 1 . 5 . 5 :

 155 Figure 1.5.5: Magnetostriction evolution under compressive and tensile stress ( -→ M parallel to σ ).

  σ (ε): Non linearity in ferromagnetic material due to mechanical stress. (b) ε µ (σ ): Influence of stress on the longitudinal and transverse magnetostrictive strain (M s = 1.9 × 10 6 A/m) [51].

Figure 1 . 5 . 6 :

 156 Figure 1.5.6: E effect illustration.

Figure 1 . 5 . 7 :

 157 Figure 1.5.7: Magnetostrictive wave-guide position sensor based on ∆E effect [29].

Figure 1 . 5 . 8 :

 158 Figure 1.5.8: Optical micro-graph of a non-oriented Si-Fe electrical steel cut by different techniques: guillotine, punching, laser and photocorrosion [33].

Figure 1 . 5 .

 15 Figure 1.5.9 illustrates the magnetic results obtained on non-oriented (NO) electrical steel sheets 300 mm x 100 mm magnetized in a Single Sheet Tester (SST) at 50 Hz and cut into strips in different width and a length of 100 mm. It can be observed that the B(H) curves at 50 Hz deteriorated progressively as the width of the strips decreased. Similar degradation of the B(H) curves was found at 400 Hz.

Figure 1 . 5 . 9 :

 159 Figure 1.5.9: Variation of B(H) characteristics caused by guillotine cutting [83].

Figure 1 . 5 . 10 :

 1510 Figure 1.5.10: Effect of coating on magnetostrictive strain of electrical steel sheets (B =1T, f = 50 Hz) [42].

Figure 1 . 5 . 11 :

 1511 Figure 1.5.11: Schematic of the mechanism for applying compression to a limb [79].

Figure 1 . 6 . 1 :

 161 Figure 1.6.1: A strain gauge for one direction strain measurement.

Figure 1 . 6 . 2 :

 162 Figure 1.6.2: A piezoelectric stack and plate strain sensor: (a) Axial sensor (b) flexional sensor [36].

Figure 1 . 6 . 3 :

 163 Figure 1.6.3: Measuring principle of interferometer based on Michelson assembly.

Figure 1 . 6 . 4 :

 164 Figure 1.6.4: General principal of the magnetostriction measurement setup using duallaser heterodyne interferometer [42].

Figure 1 . 6 .

 16 Figure 1.6.5 represents a comparison between the strain gauge and the optical technique measurements (heterodyne interferometer). A very large noise can be observed in the strain gauge measurement. The amplitudes also differs a lot between the two methods. According to the authors, it can be due to coating removing when measuring with strain gauges.It is clear that the laser setup has some advantages compared to the strain gauge :

Figure 1 . 6 . 5 :

 165 Figure 1.6.5: Measurements of longitudinal magnetostriction strain in a non-oriented electrical steel (B=0.8T and f=50Hz) [42].

Figure 1 . 7 . 1 :

 171 Figure 1.7.1: Maxwell forces illustrations: (a) rotating machine (b) inductor core.

Figure 1 . 7 . 2 :

 172 Figure 1.7.2: In-plane and out of plane Maxwell forces [90].

Figure 1 . 7 . 3 :

 173 Figure 1.7.3: Single step lap (a); Side view of single step lap with two laminations per step (b). Multi-step lap (c), Side view of multi-step lap with two laminations per step (d) [94].

Figure 1 . 7 . 4 :

 174 Figure 1.7.4: Reference frame ( -→ n , -→ t ) at the boundary of two different medium.

Figure 1 . 7 . 5 :

 175 Figure 1.7.5: Displacement of an inductor due to: (a) magnetostriction (factor scale: 80000) and (b) Maxwell forces (factor scale: 30000) [100].

Figure 1 . 8 . 1 :

 181 Figure 1.8.1: Peak-to-peak magnetostriction as a function of magnetizing frequency at B = 1T [108].

Figure 1 . 8 . 2 :

 182 Figure 1.8.2: Butterfly loops of magnetostriction deformation under sinusoidal and PWM excitation at B=1T, f 0 =25 Hz.

  (a) B(H) loop at σ = 0 MPa. (b) B(H) loop at σ = 70 MPa.

Figure 1 . 9 . 1 :

 191 Figure 1.9.1: Measured and modeled B(H) loop by SJA model: (a) σ = 0 (b) Original model (H σ ) and proposed model (H σ +a i (σ )) [106].

( a )

 a Hysteron cycle. (b) Preisach plan.

Figure 1 . 9 . 2 :

 192 Figure 1.9.2: Preisach Hysteron [74].

=ε

  . The magnetization -→ M and the magneto-elastic stress tensor = σ me are expressed as partial derivatives of the Helmholtz free energy density ψ with respect to -→ B and = ε :

Figure 1 . 9 . 3 :

 193 Figure 1.9.3: Comparison of measured uniaxial stress dependent anhysteretic magnetization and magnetostriction on non-oriented (NO) Si-Fe electrical steel sheets with modeled results from HE model. (a) Anhysteretic magnetization and (b) anhysteretic magnetostriction results [4].

  Magnetostriction of Terfenol-D rod under stress ε µ (B). ∆E effect of Terfenol-D rod.

Figure 1 . 9 . 4 :

 194 Figure 1.9.4: Magnetostrictive deformation measurements: (a) Anhysteretic magnetostriction of a Terfenol-D rod as a function of induction at different compression stresses, (b) magnetostriction (at zero field) due to compression of a Terfenol-D sample [39].

  Magnetostriction curves ε µ (H).

Figure 1 . 9 . 5 :

 195 Figure 1.9.5: Comparison between measurements and simulation (dashed lines) of the flux density and magnetostriction under compressive stress of a Terfenol-D sample [39].

Figure 1 . 9 . 6 :

 196 Figure 1.9.6: Different modeling scale.

  /m) (c) Model: With configuration effect.

Figure 1 . 9 . 7 :

 197 Figure1.9.7: Magnetostriction strain of NO 3%Si-Fe: Comparison between measurement and modeling results, with and without the consideration of the configuration effect[START_REF] Hubert | Effect of plastic straining on magnetostriction of ferromagnetic polycrystals -experiments and multiscale modeling[END_REF].

Figure 1 . 9 . 8 :

 198 Figure 1.9.8: Multi-scale modeling approach.

  9.43) ≡ B g and = A g : are the elastic and magnetic localization operators. ≡ L g and =

  (a) Without the configuration demagnetizing field. (b) With the configuration demagnetizing field.

Figure 1 . 9 . 9 :

 199 Figure 1.9.9: Modeling of 3%Si-Fe behavior: Anhysteretic magnetization curves under tensile stress of a mono-crystal in < 011 > direction [98].

Figure 2 . 2 . 1 :

 221 Figure 2.2.1: A typical micro-structure of a fully processed and non-oriented electrical steel sheet : 3%Si-Fe NO [98].

  (a) NO 3% Si-Fe (b) GO 3% Si-Fe

Figure 2 . 2 . 2 :

 222 Figure 2.2.2: Pole figures obtained from electron back scattered diffraction (EBSD).

Figure 2 . 2 . 3 :

 223 Figure 2.2.3: 10 steel sheets samples cut along different directions with respect to the rolling direction by water jet cutting machine.

Figure 2 . 3 . 1 :

 231 Figure 2.3.1: Device used for magnetic and magnetostrictive measurements on steel sheets samples (SST).

Figure 2 .

 2 Figure 2.3.1 gives a detailed description of the characterization SST device. The ferromagnetic yoke in Silicon Iron allows the magnetic flux closure created by the exci-

Figure 2 . 3 . 2 :

 232 Figure 2.3.2: Direction of applied stress and magnetic field for samples cut at θ = (0°, 10°...90°) with respect to the rolling direction.

Figure 2 .

 2 Figure 2.3.3 shows the mechanism used for applying in-plane uniaxial stress. It offers the possibility to exert both tensile and compressive stress up to ±50 MPa for a 30 x 0.35 mm cross-sectioned SST sample.To apply the required force, a manual locking screw system is used (clamping crank in figure 2.3.3). Also, to better control the stress levels, a compression spring is considered. Thus, a stress resolution of 0.1 MPa can be achieved. Furthermore, clamps with a grinded surface are used to ensure proper gripping of the SST sample. Guide rails passing through the lower part of the clamps and fixed to the rigid back wall, ensure the in-plane application force. Finally, all the components of the stressing mechanism are made of non-magnetic stainless steel to avoid any flux leakage path.

Figure 2 . 3 . 3 :

 233 Figure 2.3.3: Description of the stressing mechanism [106].
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 234235 Figure 2.3.4: The curve of one period of the measured B (blue line) and wanted B (red line) signals.

Figure 2 . 3 . 6 :

 236 Figure 2.3.6: General view of the experimental set-up.

Figure 2 . 3 . 7 :

 237 Figure 2.3.7: Examples of B-coil and H-coil sensors.

  Wheatstone bridge in quarter bridge configuration.

Figure 2 . 3 . 8 :

 238 Figure 2.3.8: Electronic amplifier and bridge configuration for strain gauge.

Figure 2 . 3 . 9 :

 239 Figure 2.3.9: Description of demagnetization process.

Figure 2 . 3 .

 23 [START_REF] Bossavit | Eddy-currents and forces in deformable conductors[END_REF] shows the signal conditioning applied for extracting the anhysteretic magnetic and magnetostriction curves.

Figure 2 . 3 . 10 :

 2310 Figure 2.3.10: Signal conditioning applied to obtain anhysteretic magnetic and magnetostrictive curves.
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 241242 Figure 2.4.2: Anhysteretic magnetic behavior under stress in different direction with respect to the rolling direction (1.4 T, 6Hz): θ = (60°...90°).

∂ λ ∂ H 0 ×

 0 σ is positive (tensile stress), the flux density B increases. At compressive stress, ∂ λ ∂ H 0 × σ is negative and the flux density B decreases.

igure 2 . 4 . 3 :

 243 Stress sensitivity of permeability in NO Fe-3%Si samples, when magnetized at 1T, 6Hz (RD, 10°,30°, 50°,70°and 90°).

  .4.6, H = 0).
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 244245 Figure 2.4.4: Anhysteretic magnetostrictive behavior under stress in different direction with respect to the rolling direction (1.4 T, 6Hz): θ = (0°...50°). 86

  (figure 2.4.8). Similarly, we notice that the anisotropic behavior remains valid under uniaxial stress conditions.

Figure 2 . 4 . 6 :

 246 Figure 2.4.6: The stress induced domain reorientation and 90°-180°domain walls illustration.

Figure 2 . 4 . 7 :

 247 Figure 2.4.7: Variation of peak magnetostriction with angle of cut in NO Fe-3%Si for applied compressive and tensile stresses σ = [-15, -10, -5, 0, 10, 30, 50] MPa, when magnetized at 1.4 T, 6 Hz.

Figure 2 . 4 . 8 :

 248 Figure 2.4.8: Variation of peak magnetostriction with angle of cut in NO Fe-3%Si at σ = 0 MPa, when magnetized at 1.4T [50].

Figure 2 . 4 . 9 :

 249 Figure 2.4.9: Schematic extraction procedure of ε " (0, σ ) (∆E effect).

  Longitudinal ∆E effect.

  Longitudinal ∆E effect.

Figure 2 . 4 . 10 :

 2410 Figure 2.4.10: ∆E effect: influence of stress on longitudinal magnetostriction at different directions with respect to RD.

Figure 2 . 4 .

 24 Figure 2.4.11 shows a bar graph describing the variation of the maximum magnetostriction strain with the applied stress and with the frequency for many angles of cut with respect to RD. All samples were magnetized at 1,4 T and two frequencies f = 6 and 50 Hz.

Figure 2 . 4 . 11 :

 2411 Figure 2.4.11: Peak magnetostriction of stressed samples cut at different directions and magnetized at 6 and 50 Hz (B=1.4T).
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 251 Figure 2.5.1: Normalized amplitude susceptibility χ a (deduced from dotted measure-ments[START_REF] Hubert | Experimental analysis of the magnetoelastic anisotropy of a non-oriented silicon iron alloy[END_REF] and modeled in solid lines) for a given magnetic field direction.

( a )

 a Spatial distribution of the magnetocrystaline anisotropy energy[START_REF] Rekik | Mesure et modélisation du comportement magnéto-mécanique dissipatif des matériaux ferromagnétiques à haute limite élastique souschargement multiaxial: application aux génératrices à grandes vitesses pour l'aéronautique[END_REF].(b) Polar representation of the magnetic field at 4 magnetization levels (NO (non-oriented) 3%Si-Fe)[START_REF] Mbengue | An Anisotropic Model for Magnetostriction and Magnetization Computing for Noise Generation in Electric Devices[END_REF].

Figure 2 . 5 . 2 :

 252 Figure 2.5.2: Magnetocrystaline and macroscopic anisotropy of Si-Fe material.

Figure 2 . 5 . 3 :

 253 Figure 2.5.3: Macroscopic anisotropy parameters A n for two sheets (GO and NO) from the data in figure 2.5.2b.

Figure 2 . 5 . 4 :

 254 Figure 2.5.4: The computation process of the magnetization and magnetostriction deformation.

  The transverse direction (TD).

Figure 2 . 5 . 5 :

 255 Figure 2.5.5: Comparison between measurements and modeling results: M(H) on the left, λ µ (M) on the right.

Figure 2 . 5 . 6 :

 256 Figure 2.5.6: Comparison between measurements and modeling results: M(H) on the left, λ µ (M) on the right.

Figure 2 . 5 . 7 :

 257 Figure 2.5.7: Comparison between measurements and modeling results: M(H) on the left, λ µ (M) on the right.

Figure 2 . 5 . 8 :

 258 Figure 2.5.8: Comparison between measurements and modeling results: M(H) on the left, λ µ (M) on the right.

  The rolling direction (0°).

  Transverse direction (90°).

  50°with respect to RD.
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 259 Figure 2.5.9: Fitted (h(σ )) and measured maximum magnetostriction λ max (σ ) at different mechanical stress in the rolling direction.

  angles = 0...30 • for angles = 40 • ...90 •

  Anisotropy energy for a magnetization M = 0, 6.M s . Magnetostriction functions λ i at saturation.

Figure 2 . 5 . 10 :

 2510 Figure 2.5.10: Evaluation of model parameters in different direction of cut at σ = 0 MPa.
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 261 Figure 2.6.1: Anhysteretic M(H) behavior of the NO steel along different direction of magnetization and under uniaxial stress θ = (0°, 10°, 20°): Experimental results (left), modeling results (right).

Figure 2 . 6 . 2 :

 262 Figure 2.6.2: Anhysteretic M(H) behavior of the NO steel along different direction of magnetization and under uniaxial stress θ = (30°, 40°, 60°): Experimental results (left), modeling results (right).
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 263 Anhysteretic M(H) behavior of the NO steel along different direction of magnetization and under uniaxial stress θ = (80°, 90°): Experimental results (left), modeling results (right).

Figure 2 . 6 . 4 :

 264 Figure 2.6.4: Anhysteretic magnetostrictive behavior λ µ (M) of NO steel different directions of magnetization and under uniaxial stress: Modeling and experimental results θ = (0°...30°).

"

  One never notices what has been done; one can only see what remains to be done." (Marie Skłodowska-Curie) CHAPTER 3

  The laminated structure without air gaps RD Airgap 15 mm (b) The laminated structure with air gaps

Figure 3 . 2 . 1 :

 321 Figure 3.2.1: The laminated structures under study: without air gaps (a), with air gaps (b).

Figure 3 . 3 . 1 :

 331 Figure 3.3.1: The laminated structure with all elements for sensing magnetic flux density and magnetostriction strain

Figure 3 . 3 . 2 :

 332 Figure 3.3.2: Doppler effect: frequency shift phenomenon that occurs whenever a wave source and an observer are moving with respect to one another.

  Sensor head pointing to the object to be measured (b) Schematic description of the arrangement of sensor head.
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 333 Figure 3.3.3: SP-S vibrometer sensor head.
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 334 Figure 3.3.4: Overall view of SP-S series vibrometer.
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 335336 Figure 3.3.5: Voltage magnetization set-up.
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 337338 Figure 3.3.7: Current magnetization set-up.
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 339 Figure 3.3.9: General view of the clamping device.
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 3310 Figure 3.3.10: Tightening the screw with the torque wrench.

laminated structure without air gaps 3 . 4 . 1 Measurement results without mechanical loading 3 . 4 . 1 . 1 Figure 3 . 4 .Figure 3 . 4 . 1 :

 341341134341 Figure 3.4.1 shows the selected points for the longitudinal magnetostrictive strain measurements. Only RD and TD directions can be present in the laminated structure in the measurement locations (A and B). Besides, the assembly of the structure was done randomly, independently of the cutting direction (RD or TD) in order to validate the
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 342 Figure 3.4.2: Waveforms of magnetic field H and magnetic flux density B (left), and the B(H) loops (right).
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 343 Figure 3.4.3: Comparison of B(H) curves at points A and B of the laminated structure.
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 344 Figure 3.4.4: Hysteretic behavior: Local magnetostrictive strain of the laminated structure at 50 Hz.

  Current magnetization: B(H) loops.

  Voltage magnetization: B(H) loops.
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 345 Figure 3.4.5: Hysteretic behavior: B(H) loops at point B.

  Voltage magnetization: ε || (B).

  Current magnetization: ε || (H).

  Voltage magnetization: ε || (H).
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 346 Figure 3.4.6: Hysteretic behavior: longitudinal magnetostrictive strain at point B.

Figure 3 . 4 . 7 :

 347 Figure 3.4.7: Point B: Magnetostrictive strain and hysteresis at two different frequencies.
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 348 Figure 3.4.8 shows the hysteresis loops at several excitation frequencies of the ferromagnetic structure at point B. The maximum magnetic field that could be achieved was H = 25A/m (limitation of excitation system). The results demonstrate that as the frequency increases, the hysteresis cycles tilt and the magnetic induction level decreases. These loops are called Rayleigh cycles, they appear at low magnetic field and they occur
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 348 Figure 3.4.8: Frequency dependence of the hysteresis cycles (H max = 25A/m).
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 3412 Figure 3.4.12: Schematic description of the magnetostriction measurement under stress.
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 3413 Figure 3.4.13: Models of clamping device and the laminated structure.
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 3414 Figure 3.4.14 shows the simulation results of the isolated ferromagnetic structure under stress computed in Ansys workbench. It can be observed that the maximum compressive stress in the column is located at the contact zone with the clamping device (surrounded zone in figure3.4.14). This stress concentration will not disturb the stress distribution in the measurement zone where the uniformity of the mechanical stresses is ensured over almost the entire column under stress (figure3.4.14). A small in-plane buckling effect is observed, it will have a negligible effect on magnetostrictive measurements since the strain gauge measures the longitudinal component of the magnetostriction.
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 3414 Figure 3.4.14: Von-Mises stress distribution (Pa) in the laminated structure for an applied force F = 5.6 kN.

  Hysteresis cycle B(H) at point A.

  Hysteresis cycle B(H) at point B.
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 3415 Figure 3.4.15: Voltage magnetization: hysteresis cycles under compressive stress at H max = 1000 A/m.
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 34 Figure 3.4.16 shows the measurement results of the longitudinal magnetostrictive
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 3416343417 Figure 3.4.16: Voltage magnetization: magnetostriction deformation under compressive stress at H max = 1000A/m.

Figure 3 . 4 .

 34 Figure 3.4.18 represents the longitudinal magnetostrictive strain behavior under compressive stress. We observe that the evolution of the magnetostrictive strain is monotonic. Also, the magnetostriction function ε || A,B (B) has a parabolic shape. In addition, a close look shows that the curves get closer as the compressive stress increases due to saturation of magnetostriction mechanism at high compressive stress (around σ = -30 MPa). Moreover, the slight decrease of magnetic permeability as a function of the compressive stress is followed by a decrease in the magnetic induction peak (figure 3.4.17). This process is also well noticed in the evolution of the magnetostriction as a function of the magnetic induction (see the zoomed area of figure 3.4.18a and figure 3.4.18b). Moreover, due to compressive stress σ = -50 MPa the magnetostrictive deformation shows an increase around 36% at location A and around 44% at location B. As for the voltage magnetization, magnetostriction variation due to compressive stress is larger at point B.
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 3418 Figure 3.4.18 represents the longitudinal magnetostrictive strain behavior under compressive stress. We observe that the evolution of the magnetostrictive strain is monotonic. Also, the magnetostriction function ε || A,B (B) has a parabolic shape. In addition, a close look shows that the curves get closer as the compressive stress increases due to saturation of magnetostriction mechanism at high compressive stress (around σ = -30 MPa). Moreover, the slight decrease of magnetic permeability as a function of the compressive stress is followed by a decrease in the magnetic induction peak (figure 3.4.17). This process is also well noticed in the evolution of the magnetostriction as a function of the magnetic induction (see the zoomed area of figure 3.4.18a and figure 3.4.18b). Moreover, due to compressive stress σ = -50 MPa the magnetostrictive deformation shows an increase around 36% at location A and around 44% at location B. As for the voltage magnetization, magnetostriction variation due to compressive stress is larger at point B.
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 343419 Figure 3.4.19: ∆E effect: ε || (σ ) at location A and B of the laminated structure.
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 34203421 Figure 3.4.20: 2D model of the ferromagnetic structure with the excitation coil and RD/TD directions (no air gaps).
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 3422 Figure 3.4.22: Model mesh: PLANE13 element.
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 3423 Figure 3.4.23: Simulation: current injected in the ferromagnetic structure.
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 34 Figure 3.4.29a shows an homogeneous distribution of the magnetic field along the columns. Besides the magnetic anisotropy behavior is well reproduced (H RD = 1100 A/m and H T D = 500 A/m for B = 1.5T ). Figure 3.4.29b shows the leakage magnetic field lines.
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 b3428 Figure 3.4.28: Magnetic behavior in the ferromagnetic structure at a peak of current (t = T 4 ).

  Magnetic field distribution at peak of current. (b) Leakage flux lines.

Figure 3 . 4 . 29 :

 3429 Figure 3.4.29: Magnetic field distribution: maximum magnetic field distribution and the flux line leakage (t= T 4 ).

µ xx , ε µ yy and εµ

  xy of the magnetostrictive deformation generated in the structure for a maximum magnetic induction (B = 1.47T) are shown in figure 3.4.30 on the left. We observe a larger deformation in the transverse direction ε µ xx = 4.92 × 10 -6 compared to the rolling direction ε µ yy = 0.65 × 10 -6

Figure 3 . 4 .

 34 31 represents the magnetostriction deformation as a function of the magnetic induction at the different evaluation lines (figure 3.4.27). These results show that the deformation is homogeneous in the middle of the RD and TD columns (figure 3.4.31a and 3.4.31b).

  Simulation (dc-regime).
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 34313430 Figure 3.4.31: Longitudinal magnetostrictive strain in the structure.
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 3463432 Figure 3.4.32: The equivalent magnetostrictive strain ε corner eqv in the corner (from RD to TD).

  Schematic view: dimensions and measurements points. (b) A picture of the studied structure.
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 351 Figure 3.5.1: Laminated structure with air gaps.

Figure 3 . 5 . 2 :

 352 Figure 3.5.2: The U-I stacked core with clamps.
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 353 Figure 3.5.3: Illustration of magnetic forces at a separation surface between two medium of different permeabilities.
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 6355356 Figure 3.5.5: Schematic view of the U-I shaped structure and equilibrium of air gap material under a stress σ .
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 35735 Figure 3.5.7: Evaluation location: magnetostriction and displacement.
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 358 Figure 3.5.8: Magnetic flux density and Maxwell forces in the air gap (1mm air gap).

1 . 1 .

 11 1mm air gap:E = 13MPa (AEM). 9mm air gap:E = 13MPa (AEM). 1mm air gap:E = 0.5GPa (Teflon). 9mm air gap:E = 0.5GPa (Teflon).

1 .

 1 1mm air gap:E = 10GPa (Glass mat). 9mm air gap:E = 10GPa (Glass mat).
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 359 Figure 3.5.9: Total displacements of I-shaped sheets at point P1 over one period of excitation current: 1mm air gap (left), 1.9 mm air gap (right).

(f) 1 .

 1 9mm air gap:E = 13MPa (AEM).
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 35 Figure 3.5.10: Comparison of total displacements between analytical and computational approach at point P1: 1mm air gap (on the left), 1.9 mm air gap on the right).

Figure 3 . 5 .

 35 Figure 3.5.11a shows the displacement results of the structure with an air gap thickness of 1.9 mm (AEM). Theoretically, according to symmetry, point P 1 and P 2 should present almost the same displacement. However, it can be observed that the displacement at P 1 is larger than displacement at P 2 . This may come from the unbalanced clamping. In fact, the two side of the structure are clamped separately by two clamps (figure3.5.11b), which can create unbalanced clamping. The same experience repeated and made this time on purpose by clamping more on one side than the other confirmed the same observations.
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 3511 Figure 3.5.11: Displacement at two measuring points of the U-I structure (clamps).
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 3514 Figure 3.5.14: Displacement due to magnetic forces and magnetostriction for two air gap materials.
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 431 Figure 4.3.1: (a) schematic description of the ferromagnetic frame core. (b) the structure with the magnetization winding and B-coil sensors.

Figure 4 . 3 . 2 :

 432 Figure 4.3.2: Magnetic pressure due to Maxwell forces (left) and generated deformation of stator (right) [44].
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 43433 Figure 4.3.3: Computed Maxwell forces (N/m) distribution on the ferromagnetic structure.

( a )

 a Only magnetostriction. (b) Magnetostriction and Maxwell forces.

Figure 4 . 3 . 4 :

 434 Figure 4.3.4: Simulated displacement of the ferromagnetic structure in (m): due to only magnetostriction (a), due to magnetostriction and Maxwell forces (b).

Figure 4 . 4 . 2 :

 442 Figure 4.4.2: Simulated in-plane modes shapes of the ferromagnetic frame in the range [0-3.5] kHz.

Figure 4 . 4 . 3 :

 443 Figure 4.4.3: Simulated out-of-plane modes shapes of the ferromagnetic frame in the range [0-3.5] kHz.

Figure 4 . 4 .

 44 [START_REF] Aydin | Magneto-mechanical modeling of electrical steel sheets[END_REF] shows a block diagram of a single input-output system. System response (output) is caused by system excitation (input). The causal relationship is loosely defined by the equation (4.4.1):
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 444 Figure 4.4.4: Definition of the transfer function.
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 445 Figure 4.4.5: Experimental set-up for in-plane modes.
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 446 Figure 4.4.6: Experimental set-up for out-of-plane modes.
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 447 Figure 4.4.7: Experimental mean FRF (acceleration) for in-plane modes: vertical lines correspond to simulated frequencies (laminated model).
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 448 Figure 4.4.8: In-plane modes shapes (measured).
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 449 Figure 4.4.9: Experimental mean FRF for out-of-plane modes: vertical lines correspond to simulated frequencies (laminated model).
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 4410 Figure 4.4.10: Out-of-plane modes shapes (measured).
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 5451 Magnetization part: magnetostriction induced resonance Magnetizing at resonance procedure

Figure 4 . 5 .

 45 Figure 4.5.1shows the experimental set-up used to study the influence of magnetizing frequency on the ferromagnetic structure displacement. The waveform and the amplitude of the current are adjusted by means of a signal generator which is connected to a power amplifier. Then, the current signal flows to the excitation coil of the ferromagnetic structure and a magnetic field is established, which in turn causes magnetostrictive strain in the stacked sheets. A differential and a current probes were used to monitor the voltage and the current respectively as the frequency increases. The laser interferometric vibrometer has the ability to measure magnetostriction deformation at low excitation[START_REF] Ghalamestani | Magnetostriction measurement by using dual heterodyne laser interferometers[END_REF], it can measure displacement up to a resolution of 0.1 nm. If we consider the dimension of the ferromagnetic structure, this corresponds to a strain resolution of 0.4 nm/m and a measurable frequency range of 0-3 MHz, which is largely enough for the displacement measurement in this manipulation.

Figure 4 .

 4 Figure 4.5.3 shows the results for the in-plane modes. We notice that peak-to-peak displacement at the resonance makes a significant increase. Moreover, the displacement at resonance varies from 2.3 to 14 times the displacement due just to magnetostriction (out of resonance). Due to resonance, at 394 Hz, the displacement is increased by a factor of 200 %, by 120 % for 640 Hz, 200% for 1250 Hz and 1300% for 1430 Hz. As shown in figure4.5.3d, the so-called "breathing mode" (1430 Hz) is the most important in term of displacement.

( a )

 a Mode 1: 394 Hz. (b) Mode 2: 640 Hz. (c) Mode 3: 1231 Hz. (d) Mode 4: 1430 Hz.

Figure 4 . 5 . 3 :

 453 Figure 4.5.3: In-plane behavior: displacement as a function of magnetizing frequency of the ferromagnetic frame (3% Si-Fe).

Figure 4 . 5 .

 45 Figure 4.5.4 illustrates the resonance peak displacement of the out-of-plane modes.As explained in the mechanical part, the simulated out-of-plane vibrational modes are different from the experimental one due to local phenomena (detachments of the layers inside the structure). For the chosen out of plane modes, the resonance occurs at the experimental natural frequencies. It can be seen that natural frequencies are slightly shifted of a few hertz, this is assumed to be due to boundary conditions (horizontal position of the ferromagnetic frame). As expected, the results presented in figure 4.5.4, confirm the mechanical resonance of the ferromagnetic structure in the out-of-plane direction. The peak displacement at resonance is notably significant, it has been increased by 263% for 215 Hz, by 533% for 780 Hz and by 214% for 1096 Hz.

( a )

 a Mode 1: 215 Hz. (b) Mode 3: 780 Hz. (c) Mode 4: 1096 Hz

Figure 4 . 5 . 4 :

 454 Figure 4.5.4: Out-of-plane behavior: Displacement as a function of magnetizing frequency of the ferromagnetic frame (3% Si-Fe).

Figure 4 . 5 .

 45 Figure 4.5.5 and figure 4.5.6shows the peak amplitude of displacement spectrum below, at and above the resonance frequency for the in-plane and out-of-plane modes respectively. Likewise, the Fourier analysis confirms the same finding: at mechanical resonance, the spectrum line corresponding to resonance frequency tends to be very pronounced due to magnetostriction deformation generated in the ferromagnetic structure. Since the structure is excited with f excitation = f resonance

( a )

 a Resonance frequency: 394 Hz (b) Resonance frequency: 640 Hz (c) Resonance frequency: 1231 Hz (d) Resonance frequency: 1430 Hz

Figure 4 . 5 . 5 :

 455 Figure 4.5.5: In-plane behavior: The spectrum of the displacement of the ferromagnetic frame below, at and above the resonance

Figure 4 . 5 . 6 :

 456 Figure 4.5.6: Out-of-plane behavior: The spectrum of the displacement of the ferromagnetic frame below, at and above the resonance.
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 2 Figure A.2: Uncertainty on B-coil sensor.
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 1 Figure B.1: Comparison between fitted and measured magnetostriction deformation for direction of cut: 10°, 20°, 30°, 40°, 60°, 80°2
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	2.1 List of Symbols
	Symbol Meaning
	E exch	Exchange energy [J]
	E ani	Magneto-crystalline anisotropy energy [J]
	E an	Macroscopic anisotropy energy [J]
	E ms	Magneto-static energy [J]
	E z	Zeeman energy [J]
	E σ	Magneto-elastic energy [J]
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 2 

	1: Magnetic and mechanical characteristics of Si-Fe 3% NO of thickness 0.35
	mm (Source: Cogent Power Ltd).

5 .

 5 Termination Criteria: Both the controls are iterated until the convergence criteria in equation (2.3.1) are met.

	error relative =	||B measured -B wanted || ||B wanted ||	user specified tolerance	(2.3.1)

Table 2 . 2

 22 

: Characteristics of used strain gauge.

Table 2 . 3 :

 23 Parameters of the macroscopic model.

			Initial susceptibility
	α	1	Dimensionless material parameter
	A n (θ )	12	Anisotropy coefficients
	λ n (θ )	4	Magnetostriction coefficients
	M s	-	Saturation magnetization

Table 2 . 4 :

 24 .4. Model parameters.

	Parameter	M s	λ 100	η	α
	Value	1,3.10 6 23.10 6 1.10 -4 20
	Unit	A/m	-	-	-

Table 3 .

 3 .1.

	Property	Value
	Focal distance	240 mm
	Laser spot diameter	100 µm
	Resolution	0.1 nm
	Frequency range	0...500 kHz
	Sampling frequency range 1...1000 kHz
	Measurement range	≤ ±20 mm

1: Technical data of the vibrometer SP-S.

  ). Figure3.4.29b shows the leakage magnetic field lines.

	.005577		.404424	
	.177879		1719.54	
	.35018		3438.68	
	.522482		5157.82	
	.694784	X Y Z	6876.96	X Y Z
	.867085		8596.09	
	1.03939		10315.2	
	1.21169		12034.4	
	1.38399		13753.5	
	1.58091		15718.2	
		(a) Magnetic induction B(T).		
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 32 Mechanical properties and width of the tested air gap materials.

	Material	Width (mm) color	Young	Poisson	Density
	type			Modulus	ratio	(Kg/m 3 )
				(GPa)		
	Glass mat	1	White	10	0.38	1800
	AEM	1.9	Black	0.013	0.5	1266
	elastomer					

Table 3 .

 3 

	3: Geometry and material properties

4 Discussion of finite element, analytical and experimental results

  

Table 4 . 2 :

 42 Comparison between measured and computed eigenfrequencies.

Table 4 . 4 :

 44 .4.10) Results of the homogenization are summed-up in table 4.4. Equivalent elastic moduli.

		Numerical	Analytical
		homogenization	homogenization
	E x (GPa)	177.6	177.6
	E z (GPa)	34.55	23.6
	G xy (GPa)	19.2	68.3
	G xz (GPa)	22.6	8.7
	ν	0.308	0.308
	ρ(kg.m -3 )	7082	7082

Table 4 . 5 :

 45 Comparison between measurements, numerically and analytically homogenized models.

Set of equations from thermodynamic potentials. They lead to the piezo-electric and magnetic coupling coefficients.

SP-S: Single Point-Serie

OB: Object Beam

Degree Of Freedom

The results of the magnetostrictive behavior of the structure at the defined locations and under different levels of magnetic induction is shown in figure 3.4.11. Since we are interested in the deformation, the displacement obtained is divided by the length of the leg (L = 0.25m): The measurement results at the top of the leg lamination (figure 3.4.11a) show that the magnetostrictive deformations obtained by laser vibrometer are close to those obtained by the strain gauge in terms of amplitudes for all magnetic induction levels but not exactly the same. On one hand, this is because the measurements by laser vibrometer are global (ends of the lag) and those of strain gauge are local (middle of the leg).

"PLANE 13" elements (figure 3.4.22). Each element has 4 nodes, each with 2 DOFs 3 .

Hence, the vector of elementary force -→ F µ e will have the following form: According to [START_REF] Cazenave | Méthode des éléments finis: Approche pratique en mécanique des structures[END_REF][START_REF] Craveur | Modélisation par éléments finis-3e éd[END_REF], the elementary forces is defined as:

• Ve denotes the element volume.

• [N] denotes the shape matrix.

• -→ f µ V denotes the volume force equivalent to magnetostriction.

The calculation of the elementary forces from equation (3.4.7) requires knowledge of the shape matrix [N] and -→ f µ V . The shape matrix depends on the used element type and contains N i shape functions (interpolation functions). In the case of PLANE13 element consisting of 4 nodes 2 DOFs each (i = 1..4 ) , the matrix [N] is written:

The volume force

V can be deduced from the fundamental relationship of dynamics defined by:

(3.4.9)

3 Degree of Freedom where = σ µ is the 2 nd order of stress tensor induced by magnetostrictive deformation, ρ m is the mass density, and -→ u is the displacement field.

Given the assumption of magneto-static regime (low frequency) to predict magnetostriction in our model, the equation (3.4.9) is reduced to :

Since the model is a two dimension system with two degrees of freedom, the expression of the volume force can be written as follows:

Consequently, the combination of equation (3.4.7) and (3.4.11) leads to the elementary forces that can be expressed in the following form:

where [B] is a matrix containing the derivative of shape functions: C is a forth-order stiffness tensor as a function of Young modulus and Poisson ratio.

Elementary forces assembling

After calculating the elementary forces, the elements are reassembled and connected to each other to calculate the nodal forces for mechanical resolution. The reassembling process implies the sum of all elementary forces associated to the node as detailed in equation (3.4.15). As illustrated in figure 3 

Once the nodal forces equivalent to the magnetostrictive deformation are calculated for all nodes of the structure, they are used as a loading for the mechanical resolution.

Mechanical resolution

The mechanical resolution was done under ANSYS as the magnetic resolution. Given the small values of magnetostrictive deformation (10 -6 for Si-Fe), the mechanical behavior of the structure is considered elastic. However, in contrary to the magnetic resolution where the behavior is assumed anisotropic (B(H) RD = B(H) T D ), the elastic behavior is supposed isotropic (same Young modulus E and Poisson ratio ν) due to the lack of detailed information from the electrical steel supplier: Young modulus and Poisson ratio evolution the with angle of cut in the sheet plane is missing.

There are two types of formulations that can be used to solve 2D elastic problem: plane stress or plane strain formulations. Since the studied model is a 2D problem and given the geometry of the electrical steel (small thickness), the loading is mainly in the plane of the sheets, thus, the plane stress formulation is more suitable.

FE model results

In the following, the distribution of magnetic (H and B) and mechanical quantities (σ µ and ε µ ) will be presented. In order to make a comparison, the numerical simulation are carried out under the same condition as the experimental ones. Besides, figure 3.4.27 shows the selected evaluation lines where the magnetostrictive deformation results are drawn. To avoid rigid body movement during simulation (z-axis rotation From single sheet to laminated structures 

Thus, in case of normal interface to the magnetic induction ( B = B e x and n = e x ), there is no variation of Maxwell tensor T Maxwell at the transition from an interface normal to the induction, so no force. However, if we consider an interface between vacuum and a medium of high permeability (assumed infinite), n being oriented to the vacuum, we obtain:

If the medium is magnetic (µ medium >> µ 0 ), the estimation of the pressure by the Maxwell stress tensor is of the order of MPa.

Simulation strategy

The global simulation strategy including air gaps is summarized in figure 3.5.4. First, once the magnetic forces are obtained by the Maxwell stress tensor, they are added to the magnetostrictive equivalent force calculated by the energy based model in a second step. Then, as detailed in section 3.4.3.3, these forces are transformed to nodal forces concentrated on the nodes of the mesh, and are used as a loading to be applied to the structure for the mechanical resolution. Nevertheless, the obtained deformation ε tot , induced stress σ tot and displacement U depend on one hand on the air gap width (magnetic forces magnitude) and on the mechanical properties of the material inside the air gap (soft or hard material). 

where B corresponds to the air gap magnetic induction and µ 0 is the vacuum permeability.

Consequently, the equation (3.5.7) becomes:

Similarly, Assuming that the magnetostrictive deformation takes place only in the magnetic core, the displacement due to magnetostriction in a column of length l c (figure 3.5.5) can be written:

where λ µ long (B) is the longitudinal magnetostrictive strain as a function of the magnetic induction B. The sign (-) means that the displacement is in the opposite direction of the -→ y axis.

Thus, the total displacement can be expressed as the sum of equations (3.5.9) and (3.5.10), [START_REF] Rossi | Vibration Reduction of Inductors under Magnetostrictive and Maxwell Forces Excitation[END_REF]:

Similarly, the flux density B can be estimated analytically. Figure 3.5.6 illustrates the U-I stacked core and the equivalent magnetic circuit. This procedure is known as the mean path approximation and according to Hopkinson's law it can be represented by the equation (3.5.12):

where R UI core and R airgap are respectively the reluctance of the UI core and the air gaps, while φ corresponds to the magnetic flux :

Given that the air gap thickness is usually smaller than 5% of the length of the magnetic circuit, the air gap simplification S airgap = S UI core can be made. In this case, the magnetic induction can be obtained by the equation : This solution will be retained for the upcoming displacements measurements. It is reminded that the air gap materials samples are: 1.9 mm (AEM) and 1 mm (glass mat). Figure 3.5.14 represents the comparison of measurements results with the FE simulation and the analytical calculation results for these two materials at point P1. It is observed that for the AEM materials (E = 13 MPa), the measurement results are consistent with the simulation and the analytical calculation despite a small difference. On the other hand, for the glass mat (E = 10 GPa), the measurement results are much higher than those obtained by simulation or by analytical calculations. This difference can be explained by two main reasons. The first reason is the true Young modulus. Indeed, the true value of the latter was not provided by the manufacturer and its value was estimated, which can induce errors regarding the material hardness. The second is the misalignment observed during the contact of the air gap material with the U-I shaped core. The absence of a perfect contact coupled with the magnitude of the Maxwell effort which is 2 times greater than that of 1.9 mm air gap can cause displacements increase. To some extent, the contact misalignment between I and U core in the case of the hard air gap material (10 GPa), creates a pivot behavior which can explain the higher displacements.

and inserting the solution (4.2.3) into equation (4.2.2) yields:

Which is an eigenvalue problem. The solution to this problem is the eigenvalues (eigenfrequencies f i = 2πω i ) and the corresponding eigenvectors (eigenforms φ i for i = 1, 2, ..., N). The relationships between the natural frequencies and the modes shapes can be represented by the equation:

The above eigenvalue problem shows that the problem of determining natural frequencies and mode shapes could be solved if one had a way to measure the mass and stiffness matrices. Such measurements are, however, difficult to accomplish. Instead, one can measure transfer functions in the frequency domain which hold enough information to extract the modal properties. Such measurements will be described in subsection 4.4.2.

Mechanical resonance

To understand the basis principle of mechanical resonance, we consider the example of an embedded-free bending beam (figure 4.2.1). The equation of bending motion of the beam is expressed in equation (4.2.6) as a function of the eigenpulses ω n (or eigenfrequencies) that represent the temporal dependence, and the eigenmodes φ n representing the spatial dependence:

where: w(x,t) is the transverse displacement (magnitude of deflection)

x,t represent the spatial and temporal dependence n is an integer representing the mode number A n , B n are two constants that depend on the initial conditions φ n (x) is the deformed eigenmodes of mode n For instance, if the beam is submitted to a traction-compression loading at a frequency close to the flexion mode natural frequency it will not induce a flexion resonance. Because, resonance is possible only if the excitation forces are capable of inducing a deformation close to the eigenmode shape: modal appropriation. Hence, the dynamic behavior of the mechanical structure assumes that a resonance occurs if and only if both of the following conditions are fulfilled:

Investigation on mechanical resonance induced by magnetostrictive deformation • A matching between both the spatial order of the force wave and the mode number of the structure.

• A matching between the force frequency of the wave and the structure mode natural frequency.

Magnetostriction induced resonance in NO steels has been studied in [START_REF] Phway | Magnetisation-induced mechanical resonance in electrical steels[END_REF][START_REF] Somkun | Mechanical resonance in nonoriented electrical steels induced by magnetostriction under PWM voltage excitation[END_REF], however the sample they worked on seems to have a simple geometry and far from a laminated transformer core. As demonstrated by authors in [START_REF] Masti | On the influence of core laminations upon power transformer noise[END_REF], structure laminations may have a strong influence on the vibrational behavior of the structure, which is also true if the excitation force is coming from magnetostriction deformation [START_REF] Javorski | A Generalized Magnetostrictive-Forces Approach to the Computation of the Magnetostriction-Induced Vibration of Laminated Steel Structures[END_REF]. Similarly, other authors make the finding of mechanical resonance but do not detail the reasons (magnetostriction, Maxwell forces or both) with certainty [START_REF] Yao | Magneto-Mechanical Resonance in a Model 3-Phase 3-Limb Transformer Core Under Sinusoidal and PWM Voltage Excitation[END_REF][START_REF] Liu | Homogenized Magnetoelastic Behavior Model for the Computation of Strain Due to Magnetostriction in Transformers[END_REF]. Despite these existing research on mechanical resonance induced by magnetostriction, there was no detailed investigation on a device similar to a transformer structure. shows the ferromagnetic structure under study. The structure was already described in details in the previous chapter (chapter 3). We remind that to study only magnetostrictive deformation, a simple assembly of electrical sheets of frame shape without any lap joint has been considered. In fact, a lap joint assembly, overlapping the laminations in the corner, is often used as it allows the flux to always circulate in the rolling direction of the material. However, the flux lines that go from one lamination to another pass through small inter-laminar air gaps which create magnetic attractive forces. Therefore, in addition to vibrations due to magnetostriction, vibrations due to magnetic forces of the joint regions of the laminated can be generated as well [START_REF] Weiser | Mechanisms of noise generation of model transformer cores[END_REF][START_REF] Weiser | Relevance of magnetostriction and forces for the generation of audible noise of transformer cores[END_REF]. Consequently, the ferromagnetic structure laminations were cut out of one piece, In the investigated frequency range (0-3.5 [kHz]), we obtain six in-plane modes and six out-of-plane modes. The mode shapes of the out-of-plane modes are much more complicated than those of the in-plane modes. These results from FE simulation will be compared with the experimental modal analysis results in the following section.

Magnetostriction and Maxwell forces 4.3.1 Structure under study: Brief description

Experimental modal analysis

In this part the dynamic behavior of the structure is studied without any electrical excitation at the magnetizing coil terminal. First the measurements made on a real structure are presented. Then, the experimental natural frequencies and modes shapes are detailed. At the end, the comparison between the experimental and the numerical modes is discussed.

Experimental set-up and procedure

Given the geometry of the structure, the modes are divided in two categories : the in-plane modes, in the (xOy) plane, and the out-of-plane modes with a z component.

Numerical model of a homogenized structure

In this part the structure is modeled as a stack of 40 layers of steel separated by 39 layers of varnish perfectly bonded, i.e. with the continuity of the displacements at the interfaces, as shown in figure 4 In order to model this multilayered structure with the finite element method using 3D solid elements, the domain has to be discretized with a very refined mesh. Indeed the maximal element size is limited by the thinnest layer thickness, i.e. 46 µm. With this size, more than 70 million elements are required to model the full structure. This is not reasonable. Therefore, instead of modeling all the layers, it is interesting to see if the multi-layer material can be homogenized and represented by an equivalent orthotropic material with E x =E y =E z and G xz =G yz = G xy . To do so we used two different techniques. The first one is purely numerical and the second one is analytical.

Steel sheet

Varnish layer 

Numerical method of homogenization

Here a small section of the frame is considered (L x = 1 mm, L y = 0.2 mm, L z = 15.8 mm). All the layers are modeled with a refined mesh. We assume that all the layers are perfectly bonded together with the continuity of the displacements. The equivalent elastic modulus are then obtained with adapted configurations. For example the Young Mechanical part: determination of resonance frequencies of the ferromagnetic structure modulus along the x-axis is obtained with a tensile test in the X direction. Each test is represented in figure 4.4.12.

x z Ux=0 Ux (a) Tensile test in X direction (E x ). For each test the total strain energy is calculated. Then a homogeneous model is used to estimate the equivalent elastic modulus to have the same strain energy. The results are presented in table 4.4. Finally, the homogenized density ρ, Poisson ratio ν and Young moduli are obtained with a simple rule of mixture.

Analytical method of homogenization

Assuming that the Poisson's ratio is defined as the negative of the ratio of the normal strain in the transverse direction ε T to the normal strain in the longitudinal direction ε L :

and the volume fraction of steel and varnish defined by:

where V is the total volume made of steel volume V V and varnish volume V S .
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Data analyzed using SIOS Software and processed using Matlab Ferromagnetic structure The ferromagnetic structure was magnetized under a maximum magnetic excitation of H = 35 A/m. Low current excitation is used since it is necessary to proceed in isoexcitation (same amplitude) for the studied frequency range. Furthermore, the interest is also to prove that the mechanical resonance due to magnetostriction can take place at low amplitudes of magnetic field.

Mechanical resonance excited by magnetostriction

The ferromagnetic structure can resonate at many frequencies with different modes shapes as it has been shown previously. Furthermore, a mechanical resonance can take place only if the force distribution of magnetostrictive strain and the structure mode shape are consistent in terms of spatial order and frequency. In the same way, to observe resonance that can be excited by magnetization, a frequency sweep of current is applied to the coil terminals producing a magnetic field in the ferromagnetic structure and a strain corresponding to magnetostriction strain appears. Pictures of the displacement measurements environment are shown in figure 4.5.2.

To illustrate the mechanical resonance induced by magnetostrictive strain, we selected the following vibration modes (see table 4.5):

• Modes 1, 2, 3 and 4 for in-plane modes. 

Conclusion and perspectives

hysteresis phenomena, strongly present in the behavior of ferromagnetic materials. This can be interesting to estimate hysteresis losses in electrical machines. The use of the Sablik-Jiles-Atherton (SJA) model from the obtained anhysteretic curves is a possible solution. The question is whether it is easily integrated into our model or not.

Considering the stress effect coupled with anisotropy in the model has shown its limits. The current configuration of energy terms does not allow a satisfactory reproduction especially under compressive stress. An improvement of the energy terms, in particular, that of anisotropy is to be expected. It would be necessary also to consider a state of multi-axial stress; it would make the model more complete.

Also, it would be interesting to incorporate the model including the stress effect in the finite element tool and validate the results by comparing them with the measurements. The next step could be to enhance the finite element tool to predict acoustic emissions in order to conclude on the parameters influencing acoustic noise in electrical devices.

For experimental aspects, it seems essential to develop a device to apply a uni-axial and multi-axial stress on single sheet to target a wide range of electrical device applications. For larger structures, the limited tools of applying stress should be disregarded and more suitable applying stress devices must be considered, allowing the applied forces to be controlled precisely.

Measurements of the magnetostrictive deformation by the laser vibrometer are interesting but the setting up and the repetitive manipulation are time consuming. Moreover, vibrations of low frequencies appear probably due to building movement, making the measurements at low frequencies not possible. One of the solutions could be to develop a setup allowing an easy manipulation of the laser head for a quicker adjustment and a more adapted environment for making measurements by laser vibrometer (anti-vibration table or others). Also, in order to obtain more accurate magnetostrictive characterizations under mechanical stress, the laser vibrometer has a great potential for it. Provided, developing a setup adapted to overcome the difficulties related to accessibility, implementation and acquisition.

Appendix

APPENDIX A

CALIBRATION OF H-COIL AND B-COIL SENSORS

The calibration of the sensors consists of an estimation of their real cross section. To do so, we place our sensors inside a solenoid which has a uniform magnetic field, and then we measure the induced voltage of H-coil or B-coil. A calibration procedure is executed using a 761 turns solenoid with a length of 542 mm and a diameter of 64 mm, as illustrated in figure A.1. At one end of the solenoid whose length is large compared to its radius, the magnetic field strength is given by: The induced voltage between the sensors terminals is described by applying Lens's law: For each frequency we calculated the sections of sensors. As the induced voltage of the H-coil is very small, it has been amplified by a factor of 625 during the experiment. Each measurement was carried out 3 times to confirm the repeatability principal (A.1) and the average is taken (table A.2).

Evaluation of the uncertainties on H-coil and B-coil sections with the student law Frequency S B-coil (m²) S H-coil (m²) [START_REF] Hubert | Experimental analysis of the magnetoelastic anisotropy of a non-oriented silicon iron alloy[END_REF] 2.811×10 -4 1.758×10 -5 200 2.903×10 -4 1.744×10 -5 500 2.826×10 -4 1.756×10 -5 1000 2.886×10 -4 1.440×10 -5

Table A.2: The average section sensors measurement depending on frequency

The sections of the sensors that will be taken for magnetic measurement are the following: S B-coil = 2.85 × 10 -4 m² S H-coil = 1.75 × 10 -5 m² (A.0.4)

These values correspond to the averaged values of the calculated cross section of the sensors independently of the frequency.

A.1 Evaluation of the uncertainties on H-coil and B-coil sections with the student law

As every measurement is prone to error, it is often stated that a measurement result is complete only when accompanied by a quantitative statement of its uncertainty. This uncertainty assessment is required in order to decide if the result is adequate for its intended purpose and to ascertain if it is consistent with other similar or previous results.

Here, we aim to estimate the section of coil sensors (H-coil and B-coil) from 3 tests (measurements for section calibration), as this number is small, Student's t-distribution is a good approach to construct confidence interval, which will enable us to say how confident we are that a given range would contain the true mean value of section.

Let n be the number of tests for section calibration that give us a value of section X i and S 2 the variance.

The mean value on section calibration is :

And the variance is written:

Calibration of H-coil and B-coil sensors

The confidence interval CI for the mean value of coil sensor section at a confidence level of 1α is given by:

t α is a correction coefficient extracted from Student table depending on degree of freedom ν = n -1 .

For the calibration made to find the coil sensors section, the uncertainties are given in the figures A.1-A.2 for a number of test n = 3 and two confidence levels 1α = 0.95 (95%) and 0.99 (99%). The calibration was made for frequencies: 50, 200, 500 and 1000 Hz.