Une deuxième série d'expériences réalisées sur transformateurs permet une mesure de la vibration du transformateur et de faire une estimation du bruit émis. Plusieurs transformateurs 'EI' tri-couches sont constitués en différents matériaux. Ils sont suspendus pour éliminer les efforts parasites. Un courant (ou tension) d'excitation sinusoïdale alimente le bobinage central. Des accéléromètres placés en différents points de la tôle doivent permettent une mesure du déplacement local par intégration. Les points de mesure sont choisis de manière à identifier et éliminer les composantes de déplacement de corps solide. Le déplacement du point de mesure en fonction du temps est obtenu à l'aide d'un post-traitement. Les vibrations du transformateur et le bruit émis sont également comparés aux estimations du modèle. Le modèle permet de restituer les grandes tendances du comportement mesuré. Les écarts qui subsistent sont discutés.

Les travaux de thèse ont été réalisés en collaboration avec deux industriels : Aperam-Imphy-Alloys et Thales-AES.

Résumé

Dans le contexte 'Plus Electrique' ou 'Tout Electrique', les fabricants de véhicules terrestres et aériens cherchent à augmenter la puissance embarquée à masse égale. Une des solutions envisagées est d'augmenter la densité de flux magnétique dans les matériaux magnétiques constitutifs des machines électriques. Cependant, les matériaux présentant les densités de flux les plus élevées ont le désavantage de se déformer sous l'effet du champ magnétique. Cette déformation conduit à une augmentation significative des vibrations, ce qui provoque un bruit acoustique indésirable. L'origine principale de ces déformations est le phénomène de magnétostriction. La magnétostriction provient du réarrangement sous champ magnétique de la microstructure en domaines magnétiques constitutifs de tout matériau magnétique. Les voies explorées pour réduire ce bruit sans nuire aux performances des systèmes sont multiples. Nous nous intéressons ici au développement d'une chaîne de modélisation complète, du comportement local du matériau au calcul de la déformation totale de la structure, à l'aide d'une approche multiéchelle mêlant une loi de comportement locale, une homogénéisation analytique pour la description du milieu multicouche et une modélisation éléments finis pour la résolution du problème de structure mécanique et magnétique.

Stratégies de modélisation

Il s'agit de résoudre un problème magnéto-mécanique couplé (un modèle numérique 2D est privilégié). Une approche séquentielle et quasi-statique est d'abord appliquée: nous débutons par la résolution du problème magnétique. La résolution du problème mécanique vient ensuite. Les contraintes induites dans la structure de transformateur sont généralement faibles ; elles influencent néanmoins le comportement magnétique et magnétostrictif du matériau. Un couplage fort est mis en oeuvre au sein du modèle multicouche. Ce mode de calcul est adapté pour les matériaux dont le comportement est réputé sensible aux contraintes.

Deux méthodes de résolution itérative (point-fixe modifié et Newton-Raphson) sont implantées pour résoudre le problème magnétique non-linéaire. En envoyant un courant sinusoïdal dans les bobinages (ou un flux magnétique dans le noyau) discrétisé en temps, à la convergence, on obtient une série de solutions constituées par des champs magnétiques (champ, induction, flux, aimantation) et le champ de déformations de magnétostriction libre. L'opération suivante consiste à définir une force volumique équivalente à la déformation de magnétostriction à partir de l'équation d'équilibre mécanique. Le calcul est réalisé à chaque pas de temps sur une période d'excitation puis décomposée en séries de Fourrier. Chaque harmonique est considéré comme l'excitation du problème mécanique pour différentes fréquences. Le déplacement total de la structure en fonction du temps est obtenu en sommant les harmoniques de déplacements (principe de superposition). Le problème mécanique est résolu dans le domaine fréquentiel pour éviter les calculs transitoires et ainsi gagner du temps. Un bloc acoustique de post-traitement est développé, ce qui donne la puissance du bruit. Il est considéré comme un indicateur global du comportement acoustique des transformateurs.

Une phase d'optimisation de la géométrie à masse égale est réalisée, avec flux magnétique triphasé directement imposé dans le noyau du transformateur. Une optimisation de la géométrie afin de réduire le bruit et les pertes à puissance donnée est ainsi rendue possible. Cette procédure est appliquée pour identifier le facteur de forme idéal d'un transformateur triphasé en fer-silicium à grains orientés à puissance donnée.

Développement de lois de comportement

Compte tenu de la complexité du comportement magnétique et magnétostrictif des matériaux (non linéarité, anisotropie, sensibilité à la contrainte, hystérésis…), un modèle multi-échelle simplifié est intégré à la chaîne de calcul éléments finis. Dans ce modèle, le comportement macroscopique du matériau magnétique est représenté par un mono-cristal équivalent. On cherche la probabilité de présence d'un domaine magnétique dans différentes directions à partir de son énergie locale, somme de différents contributions: l'énergie de champ, d'anisotropie magnétocristalline, élastique (magnéto-mécanique), et de configuration. Plusieurs extensions et améliorations de ce modèle sont proposées pour l'adapter à différents matériaux, en particulier, le fer-silicium à grains-orientés fortement anisotrope, le fer-silicium à grains non orientés, le fer-cobalt afk1, et le fer-nickel supra50.

Un modèle multi-échelle complet avec hystérésis est ensuite proposé. Ce modèle est capable de tenir compte du chargement en champ magnétique tournant, et d'estimer les pertes fer associées. Le chargement en champ magnétique tournant est en effet souvent présent dans les machines électriques et au niveau des T-joints des transformateurs de puissance. Disposer d'un modèle d'hystérésis en champ tournant est une point-clé pour réaliser des calculs précis de pertes et accéder aux vibrations des dispositifs. A noter que ce modèle multi-échelle n'a pas encore été proposé dans une version simplifiée et est n'est donc pas implémenté dans la chaîne de calcul éléments finis. Tous les calculs présentés dans cette thèse sont réalisés sans tenir compte de l'effet d'hystérésis.

Un transformateur est généralement constitué d'un empilement de tôles taillées sous forme de E et de I (de manière à refermer le circuit magnétique). Celles-ci sont empilées tête-bêche ce qui conduit à un mélange des comportements de chaque tôle. La résolution 2D nécessite de définir le comportement moyen de l'empilement de tôles. Une loi des mélanges est appliquée: elle utilise une hypothèse de champ magnétique et de déformation totale homogène dans les différentes couches compte tenu des conditions classiques de continuité tangentielle du champ magnétique d'une part et du déplacement d'autre part.

Identification et validation expérimentale

Une première série d'expérience doit permettre une identification de la loi de comportement anhystérétique des matériaux. Les éprouvettes sont prélevées suivantes la direction du laminage, transversale et à 45˚ par rapport à la direction du laminage. Elles sont caractérisées dans un banc de mesure magnétique et magnétostrictif, développé au LMT-Cachan. Les paramètres du modèle multi-échelle simplifié sont identifiés à partir des comportements mesurés.
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Introduction

The world of transport, particularly in the aerospace industry, is undergoing deep changes.

On one hand, the number of electrical comfort equipment, electronic control systems and navigation systems increases significantly. On the other hand, with the desire to reduce CO2 gas emission, "all electric aircrafts" (so-called carbon-free aircrafts) are developed.

The electrical power supplied by the generators plugged to the turbojet has to be increased to feed these systems. Depending on the application, this electrical revolution is spreading to all parts of the energy transmission system, going from the power supply to the actuator through the electrical power chain. The electrical power is commonly transformed through power electronic devices and power transformers to adapt voltage, current and frequency to the final on board user. Therefore the increase of the electrical power leads to an increase of the size and mass of these devices at constant power to mass ratio (Fig. 1).

The Auto Transformer Unit (ATU) Vac and In order to make the switch to a viable solution, many scientific studies focus on optimizing the geometry of the electrical devices, but this single approach seems today not enough innovative to increase the power to mass ratio. The best way to solve this problem is to work on an evolution of both the core structrues and magnetic materials. Ferromagnetic materials have evolved little for several decades. However, research in metallurgical industries has continued all over the world (and particularly in France at APERAM). Some products currently under development in the laboratories are close to being industrialized and adapted to the various functions mentioned above.

The newly developed ferromagnetic materials presenting a higher power density are often made of iron and cobalt. Power transformers made with these materials generate unfortunately a loud noise in operation. This noise is usually separated into load noise [START_REF] Ertl | Investigation of load noise generation of large power transformer by means of coupled 3D FEM analysis[END_REF] [ [START_REF] Wang | Finite element modelling of the vibration of a power transformer[END_REF] and no-load noise. The former is due to magnetic interactions (especially Lorentz forces) between the current carrying windings and transformer magnetic stray field. The latter is caused by periodic deformations of sheets linked with the structure of the transformer core [START_REF] Chang | Magnetomechanical vibrations of three-phase three-leg transformer with different amorphous-cored structures[END_REF]] [Hsu et al., 2012]. This sheet deformation is believed resulting from many phenomena. Up to now, several factors have been claimed to have relevant effects on flux distribution and core vibrations, such as bolt holes [START_REF] Balehosur | Packet-to-packet variation of flux density in a three-phase, threelimb power transformer core[END_REF], core clamping [START_REF] Penin | Impact of mechanical deformations of transformer corners on core losses[END_REF] and core structures [START_REF] Chang | Magnetomechanical vibrations of three-phase three-leg transformer with different amorphous-cored structures[END_REF].

Sheet deformation has two origins: i) elastic strain associated with magneto-static forces appearing on the free surfaces and in the volume; ii) magnetostriction depending on the local magnetic state of the material [Du Trémolet de Lacheisserie, 1993a]. Magnetic forces are induced when the medium exhibits inhomogeneous permeability. Magnetostrictive strain is associated with the re-organization of magnetic domains. The domains are characterized by a magnetization vector whose magnitude equals the saturation magnetization of the material, and free magnetostriction strain depending on the magnetostriction constants and magnetization direction. When a magnetic field H is applied, the domain wall moves and then magnetization vectors rotate toward the direction of the applied field at high magnetic field leading to a displacement of domain walls that separate the magnetic domains, increasing the volume fraction of domains aligned with the field. Thus a deformation appears at the macroscopic scale induced by the free strain ✏ µ of the considered domains. The crystallographic texture has a strong impact on the magnetostrictive behavior [Hubert et Daniel, 2008]. It leads to both magnetic and magnetostrictive anisotropies (coupled magneto-mechanical phenomena with isotropic magnetic and magnetostrictive behavior are studied in [START_REF] Fonteyn | FEM for directly coupled magneto-mechanical phenomena in electrical machines[END_REF] [Belahcen, 2005]).

Modeling and optimization of the power transformer, in order to reduce the noise emission, involves a multi-physical approach including electromagnetic, mechanical and acoustic aspects. It is so complex that, despite strong recent efforts in this field, there is currently no robust and reliable commercial software nor academic code yet available to estimate and optimize the global deformation and the noise level in laminated transformer cores, with the consideration of material anisotropy, nonlinearity of the magnetomechanical behavior and stress dependency. Such a tool is however essential for optimization. The goal of this thesis work is to propose a complete numerical modeling of this noise generation to allow an optimization of the transformer with respect to the mass, noise, inrush, efficiency, thermal, cost constraints thanks to the simulation and optimization of material and design of the devices. It should also be noted that in the context of noise generation, the magnetic circuit can not be considered independently to its envi-ronment. It will thus be important to be able to evaluate the magnitudes of the induced forces injected into the structure at the fixing points of the transformer. This aspect of the simulation could ultimately make it possible to optimize the fixations (number, arrangement) by minimizing the transmitted vibrations, and/or by reducing the stresses in the material which can lead to a reduction in the magnetic permeability of the material or to an undesirable modification of its magnetostrictive behavior and the global performance.

This dissertation is divided into four chapters. Chapter 1 introduces the basic concepts of the noise generation in power transformers, existing studies in this area and presents the strategy to solve the problems. Chapter 2 is dedicated to the modeling of magneto-mechanical behavior, including a full multi-scale model with and without hysteresis extension, a simplified multi-scale model adapted to the finite element modeling chain. Chapter 3 addresses the fully coupled modeling chain of power transformer core vibration and noise emission, using finite element method. Chapter 4 and 5 present the measurements on power transformer prototype and its comparison with simulation. A numerical optimization procedure of geometry is finally proposed, allowing better acoustic and electromagnetic performances to be reached. 

Chapter 1 Introduction to Transformer Noise

Working principle

A power transformer is an electrical device that transfers electrical energy between two or more circuits through electromagnetic induction. It is used to increase or decrease the alternating voltages in the electrical system. The power transformer is typically composed of a ferromagnetic core, several current carrying windings, holding structures and accessories such as the cooling system, illustrated in Fig. 1.1. The basic theory of the power transformer is simple. The primary windings that carry varying current creates a varying magnetic flux in the transformer core. The transformer core made of ferromagnetic material guides and keeps the magnetic flux inside the core. Secondary windings get back the corresponding voltage and current by means of electromagnetic flux density. The proportion of the input and output voltage can be easily adjusted by the number of winding turns.

The power transformer comes with various types, from the largest ones used for power grid with thousands of tons to the smallest ones integrated into electronic cards. The classification of power transformers can be carried out from different angles. It could be monophase or polyphase for different electric systems. In terms of cooling type, large transformers used in power distribution are often cooled by oil for better efficiency, while medium and small transformers are normally cooled by air for simplicity. Power transformers that amplify the voltage are called step-up transformers, otherwise, they are called step-down transformers. The autotransformer has one winding that is tapped at some point along the winding (without Galvanic insulation), making it possible to modify the ratio between the input and output voltage.

Transformer core

The transformer core is usually made of very soft ferromagnetic materials for high efficiency. It comes with different types, such as bulk cores and laminated steel cores. Bulk cores are often made of ferrite, a ferromagnetic ceramic material. It is usually used for high-frequency applications, because of its non-conductivity. This prevents the eddy currents and leads to a low no-load loss for the power transformer. However, the magnetization saturation of the ferrite is about 0.3T , which is low compared to the iron based ferromagnetic laminations. Meanwhile, in the industry of power transmission, the most widely used is the laminated steel core, which is the studying object of this thesis.

The laminated steel core is made of an assembly of hundreds of thin sheets to ensure a homogeneous magnetic field through the thickness and more importantly to limit the eddy currents. Eddy currents losses in a magnetic core can be greatly reduced by reducing the thickness of the electrical sheet. Instead of having one big solid piece of magnetic material, it is splited into hundreds of thin sheets of 0.2 0.5mm thickness (Fig. 1.2). These sheets are insulated from each other by specific coatings or papers, to increase the surface resistance and prevent the flow of eddy currents between electrical sheets. Associated to the forming process (hot/cold rolling, heat treatments), transformer sheets usually exhibit anisotropic magnetic and mechanical behaviors. Classical on-board electrical transformers are for example made of Non-Oriented FeSi or FeCo alloys. These sheets exhibit the highest induction (and permeability) at a given magnetic field level along the rolling direction (RD). The transformer core is consequently designed to increase the volume of material offering improved permeability in the direction of magnetic field.

One common design of laminated core is made from interleaved stacks of 'E-shaped' steel sheets capped with 'I-shaped' pieces, named 'E-I' core. This solution can reduce the manufacturing cost and facilitate the winding fabrication. 'E-shaped' and 'I-shaped' sheets are cut along the rolling direction of the lamination as shown in Fig. 1.3. They are positioned alternatively on top or on bottom of the transformer in order to dilute parasitic air-gaps and limit their effects [Weiser et Pfützner, 1998]. 
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Electrical steel sheet

The electrical steel sheet is an essential component for the fabrication of power transformers and electrical motors. The electrical steel sheet is usually manufactured by a process called rolling, in which metal block is passed through a pair of rolls to reduce the thickness. This process is repeated several times to obtain an electrical steel sheet with a thickness of 0.2 2mm. Fig. 1.4 gives an illustration of the rolling process, with an indication of rolling direction (RD), transverse direction (TD), and normal direction (ND). These sheets are then cut to their final shape by punching, laser, or water jet cutting. Electrical steel is usually tailored to produce specific magnetic properties: low hysteresis loss, small magnetostriction, and high magnetic permeability. Looking for a low magnetostriction is a more recent issue. Electrical steels usually indicate iron based materials that contain a small amount of silicon (up to 6.5%). They are often called FeSi alloy for simplicity reasons. A special process allows crystal size and orientation to be controlled allowing to orient all magnetic domains along RD (grain-oriented (GO) FeSi). This strong anisotropy favors the magnetic and magnetostrictive performances along RD making this material widely used in the large distribution power transformers, where the direction of magnetic flux is constant in most of the parts. Most of the FeSi sheets are processed to develop an isotropic (compared to GO FeSi) behavior. These materials, called Non-Oriented (NO) FeSi, are often used inside rotating machines where the direction of the magnetic flux at a given point changes all the time. For the application of low-noise power transformer, other high-end materials are also good candidates, such as FeNi Supra50 and FeCo Afk1. FeNi Supra50 is composed of 50% Iron and 50% Nickel, forming a quasi-single-crystal cubic texture. This creates two easy axes along RD and TD and leads to a low magnetostriction in these directions. FeCo Afk1 develops a low magnetostriction under special (confidential) heat treatment, which is still under development, in order to obtain the optimized performance. These materials will be presented more extensively in the next chapters.

Noise source

The noise of the power transformer, or transformer 'humming', has been known as a big issue for several decades. A common solution, perhaps the easiest one, to reduce noise emission is to stop it from the transmission. For example, a solution is to place sound barriers or to use a full enclosure [Yang et Zhang, 2006]. However, any additional mass is strictly limited for aeronautic power transformers, making it necessary to reduce the noise source itself. The noise source can be sorted into three main categories: core noise, load noise and noise from cooling systems (Fig. 1.5).

Core noise

Noise from the transformer core is considered as the dominant source of the noise. It is caused by the periodic deformation/movement of the electric sheets, under the alternative magnetic field [START_REF] Chang | Magnetomechanical vibrations of three-phase three-leg transformer with different amorphous-cored structures[END_REF], Hsu et al., 2012]. This deformation is produced by the combination effects of magnetostriction and magnetic forces (or Maxwell forces).

Magnetostriction

Magnetostriction is an intrinsic property for all ferromagnetic materials. When a piece of magnetic material is magnetized, it undergoes a small deformation, called magnetostriction. It has been first discovered in 1842 by Joule, that the ferromagnetic magnetic mate-Figure 1.5: Sources of power transformer noise. rial changes the shape under magnetic field [Williams et Shockley, 1949]. The mechanism of the magnetostriction can be explained by magnetic domain theory. Under external magnetic field, the magnetic domains tend to rotate and reorient to the direction of the magnetic field, in order to minimize the local energy, thus creates deformation. Since the deformation is isochoric, there is an opposite dimensional change in the orthogonal direction.

For applications such as power transformers, magnetostriction creates undesirable vibrations. For electrical sheets used in electrical motors and power transformers, often made of FeSi, the magnetostrictive strain is normally lower than 10ppm. However, some alloys come with huge magnetostriction under relatively small magnetic fields. One of the most famous 'giant' magnetostriction material is Terfenol-D, which reaches about 2000ppm at room temperature. Applications based on these 'giant' magnetostriction materials are sensors and actuators [Anjanappa et Bi, 1917].

Magnetostriction depends on the applied field, mechanical stress, material type, and even temperature. It is important to notice that the magnetostriction is independent of the sign of the magnetic field. This results in a double frequency of magnetostriction compared to its magnetic excitation. Because of its non-linearity, higher harmonics also appear, which may trigger mechanical resonances of the whole transformer structure.

Magnetic forces

Magnetic forces appear when magnetic field goes from one medium to another. In the core power transformer, magnetic forces are generally concentrated at the joints [START_REF] Liu | Homogenized magneto-elastic behavior model for the computation of strain due to magnetostriction in transformers[END_REF], where magnetic field meets the air-gap. This makes the noise emission of the power transformer highly depended on the fabrication process, such as the flatness of the electric sheets, electric sheets cutting method and assembling precision. Admittedly, the core vibration induced by magnetic forces can not be easily reduced, because the transformer core is always assembled by hundreds of electric sheet and there are always parasite air-gaps.

Winding noise

Winding noise, also called load noise or coil noise, is due to the Lorentz forces resulting from the interaction of magnetic leakage fields and the load currents [START_REF] Ertl | Investigation of load noise generation of large power transformer by means of coupled 3D FEM analysis[END_REF], Wang et al., 2011]. Forces acting on the windings can cause vibration. The frequency of the winding vibration is twice the current frequency [START_REF] Rausch | Combination of finite and boundary element methods in investigation and prediction of load-controlled noise of power transformers[END_REF], Shao et al., 2012]. If it falls within the resonance frequency of the windings, large audible noise will be generated. In general, winding noise makes a limited contribution to the total transformer noise. The difference between no load and full load noise is usually no greater than 1 or 2dB, if the coil is well secured to the circuit board or is well damped. An example of the vibration of the windings on power transformer is given in Fig. 1.6. [START_REF] Ertl | Investigation of load noise generation of large power transformer by means of coupled 3D FEM analysis[END_REF].

In order to reduce the winding noise, good damping is often the key point. However, the progressive degradation of damping material (damage, oxidation...) may lead to more noise generation. Studies are also carried out to develop low noise windings, with a resonance frequency far from the current frequency.

Cooling system noise

Power transformers produce a huge amount of energy losses, such as iron losses in electrical sheets and joule losses in the windings. These losses act as heat sources, that have to be removed by the cooling system. Fans and pump are widely used for creating air flow and oil flow to cool the power transformer. As part of the power transformer, the cooling system usually adds a non-negligible contribution to the noise emission. This aspect is rarely studied in the literature. In this thesis, only the core noise is considered.

State of the art 1.3.1 Factors related to core noise

The noise generated by power transformers and inductors [START_REF] Krell | Relevance of multidirectional magnetostriction for the noise generation of transformer cores[END_REF], Valkovic, 1998, Rossi et Le Besnerais, 2015] has been studied for several decades and the related literature is abundant. Up to now, several factors have been claimed to have relevance to the flux distribution and core vibrations, such as material core nature, core joints, clamping stress, and electrical excitation.

• Core shape: Power transformers made of the same material can have totally different performance, depending on the core shapes [START_REF] Chang | Magnetomechanical vibrations of three-phase three-leg transformer with different amorphous-cored structures[END_REF]. Not only does the core shape influence the noise emission, but also has an impact on the winding section, copper fill factor, efficiency, power density, and thermal performances. Shuai et al. [START_REF] Shuai | [END_REF] compares the performances of four power transformer cores with different shapes, including rectangular, square, oval and ring shape, illustrated in Fig. 1.7. Both numerical simulations and experimental measurements are carried out in this work. Compared to the conventional rectangular core, the oval core leads to lower vibration and noise emission and further reduction can be achieved by using a ring core. However, the ring core leads to a much lower power density than the other core shapes. There is always a tradeoff between different performances of the power transformer, when it comes to a certain application. ses are generated in the winding. Therefore, both the power density and the efficiency of the ring sformers are limited due to the heat dissipation capability.

sions ncy transformers are small in size and weight compared with conventional line frequency transmajor challenges associated with MFTs are cooling and isolation as well as the acoustic noise is paper, the influence of core shapes on the vibration and acoustic noise emission of magnetic cores based on FEM simulation and measurements. The modeling methods of the core vibration are d a 2D model to calculate the deformation of the core under electrical excitation is implemented much more losses are generated in the winding. Therefore, both the power density and the efficiency of the ring core based transformers are limited due to the heat dissipation capability.

Conclusions

Medium frequency transformers are small in size and weight compared with conventional line frequency transformers. The major challenges associated with MFTs are cooling and isolation as well as the acoustic noise emission. In this paper, the influence of core shapes on the vibration and acoustic noise emission of magnetic cores are investigated based on FEM simulation and measurements. The modeling methods of the core vibration are investigated and a 2D model to calculate the deformation of the core under electrical excitation is implemented and used to simulate the deformation of several cores with different geometric shapes in static case. The vibration et al., 2013] find that filling the multi-joint gaps with nanocrystalline soft magnetic composite material decreases magnetostriction and vibrations of the core because of an improved distribution of magnetic flux. Hsu et al. [START_REF] Hsu | Effects of magnetostriction and magnetic reluctances on magnetic properties of distribution transformers[END_REF] propose a new method to reduce the transformer core noise by re-arranging the step-lapped joint structure. They also found that an increasing number of step laps increases the core losses and vibrations. [Phophongviwat, 2013].

• Clamping stress: The clamping of the power transformer core allows the sheets to be stacked together and provides an additional mechanical rigidity of the structure. Stress reduces the air-gaps between the electrical sheets on the overlap region, and finally has an impact on the core losses and core noise. There are two types of clampings: One in the rolling direction or transverse direction of the electrical sheets, holding the yokes and limbs together. The other, called C-clamp, compresses the sheets together from their upper and lower surface (normal direction). Mizokami et al. [Mizokami et Kurosaki, 2015] experimentally demonstrates that the compression clamping stress along rolling direction of the electrical steel increases magnetostriction and noise level. The schematic of the mechanism for applying compression to a limb is shown in Fig. 1.9. Meanwhile, Penin et al. [START_REF] Penin | Impact of mechanical deformations of transformer corners on core losses[END_REF] finds that the C-clamping helps to reduce core noise. The optimized pressure is around 0.8MPa. A lack of C-clamping or a non-uniform one has a direct and unwanted influence on the core losses and vibrations. However, the clamping of the power transformer is complex and can be difficult to adjust in massive production.

• Current DC bias: Although power transformers are normally designed to operate under sinusoidal excitation, in some particular cases, a direct current (DC) component may be superimposed in primary or secondary windings. This is caused by rs of the clamping positions were 15 as indicated in Fig. 1. ean clamping pressure was 0.3 MPa. The core was set in an t position. A couple of windings for excitation and flux y measurement were set on each limb. pressive stress was introduced in the longitudinal direceach limb, i.e. in the rolling direction, from the outside of re. Figs. 2 and3 show the mechanism. The compressive were applied on the areas which were defined by projecting ss sections of the limbs onto the top and bottom surfaces of e, i.e. the dimensions were 150 mm  41 mm. Firstly, rubber in 5 mm thickness were put on the areas. Then steel plates he same size as the rubber sheets were put. After that, ars were set on them. The upper and lower crossbars were ted by rods, and force was given by nuts through springs. the wood plates were tightly fixed on the core, the wood would have been loaded by a certain part of the compresrces, and it would have resulted in the error of the levels of mpressive stress in the core. To avoid the error, the wood were cut into several parts, and small gaps were made bethe clamping positions as can be seen in Fig. 3.

The compressive forces were calculated from the spring constant and the displacement of the springs. The nuts were carefully tightened to avoid bending of the limbs. Noise measurement was begun at a stage without stress, and continued up to compressive stress of 3 MPa in 0.5 MPa steps. After the measurement of 3 MPa, the nuts were completely loosened, and the noise was measured to evaluate residual effect of the compression.

Noise measurement

IEC standard for the determination of sound levels on power transformers [9] was basically referred for sound pressure measurement. Fig. 2 shows a scene of the noise measurement. Eight microphones were arranged to surround the model core in equal separations. The microphones were put on the positions by 30 cm apart from the core surface and at a half of the core height.

A computer-based system has been used to make automated measurement. The microphones are switched in predetermined order by a multiplexer which provides a sound signal to a sound level meter. The ac output of the sound level meter is used for harmonic analysis of sound pressure waveforms by an FFT analyzer. Time-synchronous method [9] is adopted for waveform averaging. The data are transferred to a computer, and the data of the microphones are averaged and recorded. The computer also controls both the frequency and the output voltage of an oscillator which provides sinusoidal signals to a 3-phase power amplifier for core excitation. In an automated measuring procedure, firstly, background noise is measured, and then, the core is demagnetized, after that, noise is measured at flux densities of 1.3, 1.5 and 1.7 T, of 50 Hz. After the noise measurements, compressive stress is adjusted to the next value.

The measurements were carried out in an anechoic room. Average A-weighted background noise pressure levels L bgA measured before and after changing stress ranged from 15.8 to 16.0 dBA, namely, the maximum variation was 0.2 dBA. Since the minimum of uncorrected average A-weighted sound pressure levels L pA0 was 21.3 dBA, the difference between L bgA and L pA0 was more than 5.3 dBA. Background noise correction was applied for Figure 1.9: Schematic of the mechanism for applying compression to a limb of the model core [Mizokami et Kurosaki, 2015].

strong solar flares hitting the Earth's atmosphere, which create induced voltage in the long distance transmission lines. The DC component may lead to the saturation of a half-cycle, which increases the losses, creates more harmonics, and generates more vibrations and noise [START_REF] Li | Effects of DC magnetic bias on the magnetic and sound fields of transformer[END_REF], Wang et al., 2015]. These effects need to be taken into consideration for the power transformer design. Therefore, a good comprehension of power transformer behavior under DC bias becomes crucial for its optimized design.

• Voltage harmonics: Power transformers are normally connected to the power grid, where the voltage is never purely sinusoidal and contains harmonics. These harmonics of voltage result in harmonics of magnetostriction and magnetic forces, which have a direct impact on the transformer noise. [START_REF] Ghalamestani | Identification of transformer core vibrations and the effect of third harmonic in the electricity grid[END_REF] measured the core vibration under voltage harmonics using laser vibrometer. Measurements are carried out at different points of the core, using the third harmonic component with 6%, 8%, 10% amplitude ratios and 0 , 90 , 180 phase delays. Compared to purely sinusoidal voltage excitation, voltage harmonics result in a more complex core deformation, not only in terms of amplitude but also in terms of phase delay.

Research approaches

The mechanism of the noise emission of the power transformer core is a complex problem that needs both numerical simulation and experimental measurement to be better understood. Numerical simulations give scientists a global vision of the core distortion. various parameter configurations are able to be easily tested at a very low cost, without fabricat-ing a series of transformer prototypes. However, numerical simulations always come with assumptions and simplifications. This may be the source of discrepancies, which strongly limits its use. On the other hand, experimental setups may not be representative of the real problems: they suffer from the defective material, inaccurate assembling, and other specificities of the fabrication process that are very difficult to reproduce. Due to these factors, transformer prototypes fabricated with the same process may exhibit different noise levels comparing to a real transformer. It is therefore important to develop experiment and modeling at the same time and model the exact experimental setup using the same boundary conditions, even if the setup is not exactly representative of a real transformer. The measured data serves as the fundamental knowledge to correct and guide the numerical simulations. After that, the numerical simulations may easily eliminate bad designs and optimize the performance at an early development stage, in order to accelerate the development of the devices.

Both numerical simulation and experimental measurements face some difficulties. A reliable material model of magnetic and magnetostrictive behavior is the fundamental element in the numerical simulation. It has to be nonlinear and anisotropic, and most importantly be compatible with the finite element resolution. Several key points of the modeling chain need to be carefully considered in order to achieve the balance between the efficiency and accuracy, for example the size of the mesh, strong/weak coupling strategy, and nonlinear system resolution. In terms of experimental measurement, it's never easy to measure the vibration at a precision lower than 0.1µm, so that the equipment needs to be well selected and signals need to be carefully processed.

Numerical simulation

In terms of modeling, efforts have been made to estimate the magnetostriction induced deformation, vibration and noise emission of the power transformer cores. [START_REF] Hilgert | Comparison of magnetostriction models for use in calculations of vibrations in magnetic cores[END_REF] focus on the vibrations modeling of magnetic cores of power transformer due to magnetostriction. A neural network based model is used to describe the hysteresis effect of the magnetostriction. The parameters of this model are first adjusted by a series of magnetostriction measurement. It is then implemented to the modeling chain for the vibration computation. This method is used to calculate the vibration of a three-phase power transformer (50kVA). However, this neural network must be trained in order to produce the correct results. This training requires a lot of measurements.

Yang et al. [START_REF] Yang | Electromagnetic vibration noise analysis of transformer windings and core[END_REF] give a complete finite element analysis modeling chain from current injection to the noise emission. Vibration and noise generated from both windings and core of a 110 kV oil-immersed transformer are studied. The electromagnetic analysis is carried out with transient state analysis using commercial software ANSYS, including Lorentz forces, magnetic forces, and magnetostriction. Harmonic analysis is then performed for the mechanical computation. The surface vibration of the windings and core is then considered as the source term in the acoustic analysis. The authors claimed
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to obtain good agreements between the simulated and measured noise level. However, in terms of magnetic material properties, little information is provided in this paper. The magnetic and magnetostrictive behavior laws used in this modeling chain is isotropic and stress independent, which might lead to some additional discrepancies between the experiment and modeling. [START_REF] Shuai | Impact of core shape and material on the acoustic noise emission of medium frequency, medium voltage transformers[END_REF] push it even further to the optimization step, taking efficiency and vibration as criterions. Studies are carried out on medium frequency transformers, which are smaller in size and weight compared to conventional low frequency (50 Hz) transformer. However, the increase of frequency adds some drawbacks, such as losses and vibration. The numeric modeling process is divided into four sections, electromagnetic model, magnetic force and magnetostriction computation model, mechanical model, and acoustic model (Fig. 1.10). Based on a sectional weakly coupled modeling chain, an optimization procedure is applied to optimize both magnetic materials and core shapes. The core made of nanocrystalline material is predicted to be ideal for low noise transformer design, and that is confirmed by measurements. In terms of core shape, the ring core tends to have the lowest noise emission, but is higher in volume. However, the magnetic and magnetostrictive model used in this work is too simple to reproduce the real material property.

Similar studies [START_REF] Belahcen | Anisotropic and strain-dependent model of magnetostriction in electrical steel sheets[END_REF], Mbengue et al., 2016, Vanoost et al., 2015] have been made by implementing an anisotropic, nonlinear and stress-dependent material model to simulate the vibration due to magnetostriction. However, the magnetic circuits they worked on are generally simple, and seem to be far from a laminated three-phase transformer core.

Experimental measurements

Experimental measurements are also an important way to understand the vibration and noise emission of the power transformer. Unfortunately, no international standard exists for power transformer vibration characterization. Large industry groups such as ABB are rarely associated to publications where the vibration of thier transformers is considered. Researchers and scientists mainly from Austria, England, France, and China have developed various systems and methods to make measurements of the core vibration and noise. [START_REF] Shuai | Investigation of acoustic noise sources in medium frequency, medium voltage transformers[END_REF][START_REF] Shuai | [END_REF] fixed the core to a metal plate with relative large weight for stability. Soft foam materials are used between the core and the metal parts in order to reduce the mechanical influence of the setup. Fig. 1.11 gives the schematic of the measurement setup, including the command, power, sensors, and the transformer core. A signal generator works together with a power amplifier to generate sinusoidal voltage excitation in the windings. Laser vibrometer is used to scan the core surface and record the speed, leading to a 3D surface speed field. A microphone connected to the acoustic data acquisition system is also provided, in order to record the noise emission of the core. Wang et al. [Wang et al., 2015] established a test platform

• generation of electromagnetic force by the electrical excitation of power e

• structural vibration of magnetic cores and windings induced by magnetic

• sound radiation from the surfaces of the transformer bodies and sound wa Accordingly, to calculate the acoustic noise emission of MFT, three physical mo Due to the complexity of the physical process, analytical methods are usually onl and their accuracy is limited. For more accurate results, the couplings between considered. Obviously, this requires more complicated models and more comp the vibration/acoustic modeling of transformer is usually based on numerical m Figure 1.10: Modeling process of core vibration [START_REF] Shuai | [END_REF].

Introduction to Transformer Noise using acceleration sensors, signal conditioners, and data acquisition cards. Compared to laser vibrometer, the acceleration sensor is relatively of low cost and easier to install. Hsu et al. [Hsu et al., 2015a[START_REF] Hsu | Suppressing magneto-mechanical vibrations and noise in magnetostriction variation for three-phase power transformers[END_REF] make the comparison of the noise emitted by different transformer cores, using a direct measurement of sound pressure. By varying the physical parameters of the power transformers, an experience-based noise computation equation is finally deduced. thickness of about 25 mm and are wound as rectangular, oval and ring shape respectively as shown in Fig. 6 where their dimensions are also indicated. To fix the cores mechanically, an additional setup as shown in Fig. 7 is used for the vibration measurement, where a part of the core is fixed on a metal plates with relative large weight compared to the sample cores. To reduce the mechanical influence from the setup, soft foam materials are inserted between the sample cores and metal plate for damping. In Fig. 8, the schematic of the measurement setup is illustrated.

The core is excited with a sinusoidal voltage to exclude the influence of harmonics from the electrical source. The measurements are performed on different surfaces with excitation of the core at 3 flux density levels. (For ring core, only two surfaces are measured due to its symmetry.) In Fig. 9 the measured average surface velocities ⇤ on the surfaces of the sample cores are shown. Looking at the results, it is concluded that the vibration in LD direction is obviously stronger than in the parallel directions to the laminations regardless of the geometric shape. This is in accordance with the results presented in [8]. The comparison of velocities on each surface among the sample cores show that the ring core features the smallest vibration, followed by the oval core while the vibration of rectangular core is the most intensive one. According to the measurement results, the hypothesis proposed in [8] is confirmed: the vibrations are reduced by modifying the core from rectangular to oval shape.

For more detailed analysis, the dominant harmonics of the average vibration velocities in the audible frequency range are shown in Fig. 10, where the cores are excited to 1 T at 4 kHz. It can be seen that the major contribution of vibration is by the 8 kHz and 16 kHz harmonics, which are the first and second harmonics of magnetostriction. The first harmonic is usually the most significant and is the most important to acoustic noise generation. Accordingly, the deformation of the cores due to the 8 kHz harmonic at the instance when the maximum positive displacement (towards the laser) appears are shown in Fig. 11. Due to the low saturation magnetostriction of the nanocrystalline material, the maximum deformation is within a very low range (< 20 nm) even at this high flux density level (1 T). Despite of the inaccuracy of the material parameters and neglecting the higher order terms in (5), the results of the static simulation show good agreement with the measurements. In case of the rectangular core, the short leg ⇤ The laser vibrometer measures the velocity in the direction of the laser. For curved surface, the measured velocity is not equal to the normal velocity of the surface. 

Research scale

Although power transformer is treated as a component of the electrical system, it may be a complex system itself. To study the power transformers properly, investigations need to be carried out at different scales. At the lowest scale, is the electrical steel sheet. These materials are famous for the complex magnetic and magnetostrictive behavior such as non-linearity, saturation, anisotropy, hysteresis, and stress dependency. A good understanding of the electrical steel sheet behavior is fundamental. Power transformer cores are assembled with hundreds of electrical steel sheets, creating air-gaps between sheets and layers. Techniques are developed to reduce the influence of the air-gaps. At the largest scale is the power transformer. A real transformer is studied with electrical excitation. A series of analysis is able to be carried out in both time and frequency domains.

Electrical steel sheet scale

The electrical steel sheet is regarded as the basic component of a power transformer core. Having an accurate measurement and model of the electrical sheet behavior is fundamental to the design and model the power transformer.

Pfutzner et al. [START_REF] Pfützner | Rotational magnetization in transformer cores -a review[END_REF], Shilyashki et al., 2014a] have worked on the characterization of the electrical sheet submitted to a rotational magnetization. Rotational magnetization is particularly important when rotating machine cores are considered and at the T joint of power transformer cores. As the demand of high-precision modeling of these devices grows, measurement of the losses and magnetostriction under rotational magnetization become an important issue. A system named rotational single sheet tester has been developed Pfutzner et al. with a 3-phase excited system, creating rotational magnetization (Fig. 1.12). The magnetic field pattern can be detected by means of a pair of tangential field coils, shown as in Fig. 1.12(b). The induction pattern is obtained by the well-known needle method. Losses are then computed from the measured magnetic field and magnetic flux density. The effective evaluation of magnetostriction is possible by a set of strain gauges. Based on this system, various measurements can be carried out by varying the angular velocity, induction amplitude, and the axis ratio (the ratio between the magnetic flux density along RD and TD, defined as a). Some of the conclusions are listed below:

• Losses increase with the rising of axis ratio a and velocity of the induction vector • Compared to alternative magnetization, rotational magnetization causes much more magnetostrictive strain.

• The maximum magnetostriction along RD increases as axis ratio rises.
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L SIMULATION OF RM y on RM is usually performed on f 80 mm size (see references in the corresponding RSST set-ups s. They can be used for HGO SiFe strated in many publications (see materials exhibit very large crys- A rotational single sheet tester which has been specifically designed for the case of transformer core steel is described in [14], [27]. Hexagonal samples of about 160 mm diameter are applied [Fig. 4(a)]. Instead of the usual 4-pole-piece yoke system, a 3-phase excited 6-pole-piece system is used. Apart from improved averaging over large grains, the system supports the HD in a direct way which favors the investigation of HGO material in a specific way. Software controlled approximation algorithms allow the generation of elliptic and rhombic patterns (including tilted ones) with "natural" course of time, i.e., as arising in practice. A recently introduced control approximates 4000 instants of time with 0.2% mean square deviation from target values of induction. Thus, patterns detected on real cores can be simulated in exact ways, and consequences of pattern modifications on losses and magnetostriction can be studied systematically.

The field pattern can be detected by means of a pair of tangential field coils [Fig. 4 For the definition of RM patterns, several characteristics are important (Fig. 2): i) The axis ratio

(1) with and the instantaneous induction values when passes through the RD and TD, respectively. For example, Fig. 1 represents being reached later than (by 5 ms for Hz), according to anti-clockwise RM. Highest axis ratios arise close to V-elements, in Fig. 2(b) up to about . As a tendency, decreases with increasing grade of effective anisotropy as it results from technological treatments of the material. The latter include cold rolling procedures and stress coating of HGO material as well as scribing of SHGO material. That is, the grade of effective anisotropy shows a ranking NO-CGO-HGO-SHGO. High differences are given, in spite of the fact that the crystal anisotropy is almost constant. With rising distance from the V-element, the value tends to sink in a gradual way, depending on the grade of anisotropy. For high grade, some RM may spread to the corners, and possibly even to the ends of outer limbs. ii) A significant further quantity is given by , i.e., the induction in hard direction (HD). As well known, it varies between 40 to 60 to the RD. The permeability is a minimum here. Thus the flux avoids the HD which explains that rhombic patterns arise instead of elliptic ones. iii) Finally, impact is given by time changes of the angular velocity of the vector . It tends to be a minimum in the vicinity of the RD. On the other hand, passes through out-of-RD directions with distinctly increased angular velocity. It should be stressed that the usual formula (with the frequency of magnetization) is not valid here. In fact, results as the time mean value of .

III. EXPERIMENTAL SIMULATION OF RM

As already mentioned, study on RM is usually performed on rather small square samples of 80 mm size (see references in Section I). The application of the corresponding RSST set-ups is not restricted to NO materials. They can be used for HGO SiFe as well, as it has been demonstrated in many publications (see further down). However, HGO materials exhibit very large crystallites, the typical order of diameter being 10 mm. Due to technical reasons, quasi-homogeneous magnetization is restricted to the central sample region which is used for the arrangement of sensor elements. As a drawback, the effective size of a sensor may be restricted to that of single grains which means that the result of measurement is not representative for the given type of material. A rotational single sheet tester which has been specifically designed for the case of transformer core steel is described in [14], [27]. Hexagonal samples of about 160 mm diameter are applied [Fig. 4(a)]. Instead of the usual 4-pole-piece yoke system, a 3-phase excited 6-pole-piece system is used. Apart from improved averaging over large grains, the system supports the HD in a direct way which favors the investigation of HGO material in a specific way. Software controlled approximation algorithms allow the generation of elliptic and rhombic patterns (including tilted ones) with "natural" course of time, i.e., as arising in practice. A recently introduced control approximates 4000 instants of time with 0.2% mean square deviation from target values of induction. Thus, patterns detected on real cores can be simulated in exact ways, and consequences of pattern modifications on losses and magnetostriction can be studied systematically.

The field pattern can be detected by means of a pair of tangential field coils [Fig. 4(b)]. In principle, a variety of alternative sensor types would be available, in special Hall sensors, magneto-resistance (MR) sensors or magneto-impedance (MI) sensors [28]. However, the latter sensor types are characterized by small dimensions which are disadvantageous in the case of modern materials due to their large grain size (compare, e.g., [29]). Even extra-large Hall plates of about 10 mm effective length proved to be ineffective since reflecting the crystallographic characteristics of individual grains.

The need to average over several grains is also given with respect to the detection of the induction pattern . Here the Lundgren et al. [Lundgren, 1999] have introduced a mathematical model to describe the magnetostriction under rotational magnetization. This model uses an analogy with the mechanical elasticity expressed as in eq.1.1. where B x and B y are the components of the magnetic flux density in the X-Y plane. Considering that the magnetostriction depends on the square of the magnetic flux density, so the anisotropic and angular velocity dependent cases. Somkun et al. [START_REF] Somkun | Magnetostriction anisotropy and rotational magnetostriction of a nonoriented electrical steel[END_REF] observed a good agreement between the modeled and measured magnetostriction in NO FeSi steel sheet. However, due to the quadratic relation between the magnetostriction and the magnetic induction, the application of this model is restricted to 'traditional' materials.

Modeling of magnetostriction hysteresis loop with or without applied stress is reported in [START_REF] Daniel | A simplified 3D constitutive law for magnetomechanical behavior[END_REF] and [START_REF] Baghel | Comprehensive modelling of dynamic hysteresis loops in the rolling and transverse directions for transformer laminations[END_REF]. These works bring fundamental approaches for a precise modeling of the transformers dynamic behavior.

Lamination structure scale

Difficulties arise when electrical sheets are assembled together, forming the laminated structure. In this case, magnetic flux may go from layer to layer and causes inhomogeneity through the layers. At the joints of the sheets, often called overlap region, the presence of the air-gaps creats magnetic forces, which then leads to in-plane vibration.

Ebrahimi et al. [START_REF] Ebrahimi | Correlation between normal flux transfer from lamination to lamination during the magnetization process with static domain structures in grain oriented 3% silicon iron[END_REF] have worked on the normal flux transfer from layer to layer during the magnetization process. Pairs of 0.27-mm-thick GO FeSi are magnetized at frequencies of 50 and 60 Hz. Search coils are glued in several test points between the two layers, in order to capture the normal magnetic flux. Conclusions are that the normal magnetic flux increases with the frequency. Moreover, when small and misoriented grains are in contact in the plane, an increase of normal flux is observed. From these conclusions, the authors made predictions that the normal flux will be lower in large grain, well-oriented materials such as domain refined steels. It is also believed that a normal flux greater than 1mT causes an increase in surface eddy current losses. This point needs further investigation to be confirmed. isotropic parameters neglecting the laminated structure. The homogeneous core model is analyzed with anisotropic parameters considering the laminated structure. The line analyses fo geneous co models are

B. Anisotropic Permeabilities for Magnetic Field Analysis

In the s isotropic parameters neglecting the laminated structure. The homogeneous core model is analyzed with anisotropic parameters considering the laminated structure. Gao et al. [Gao et al., 2011a] developed a homogenization law for laminated cores, in terms of both magnetic and mechanical properties. By applying this homogenization technique, a laminated core is represented by a homogeneous core model, as shown in Fig. 1.13. Homogenized magnetic behavior is obtained by averaging the permeabilities in air µ 0 and iron µ i with the consideration of space factor F. Space factor F is defined as the ratio between the sectional surface of the iron and the total sectional surface of the laminated core.

B. Anisotropic Permeabilities for Magnetic Field Analysis

µ k = Fµ i + (1 F)µ 0 (1.2) µ ? = 1 F/µ i + (1 F)/µ 0 (1.3)
where µ k and µ ? are respectively the homogenized in-plane and out-of-plane permeability.

According to the numerical simulation, the solid homogenized model gives an accurate prediction of the distribution of the magnetic flux, while keeping the computation cost relatively low. The similar idea is applied to the mechanical properties of the laminated core. The magnetic forces and the displacement fields are then computed. Good agreements are observed between the laminated core model and the bulk homogeneous model. Similar works can be found in [START_REF] Hihat | Equivalent permeability of step-lap joints of transformer cores: Computational and experimental considerations[END_REF], where the authors focus on the homogenization technique for the overlap joints of the laminated core. This leads to a precise 2D description of a complex 3D overlap joint. Validation of the model is carried out by both 3D simulation and experimental measurements.

Some studies about in-plane and out-of-plane vibration of a laminated structure have been recently addressed by Javorski et al. [START_REF] Javorski | A generalized magnetostrictive-forces approach to the computation of the magnetostriction-induced vibration of laminated steel structures[END_REF]]. An analytical model is used to describ the magnetostrictive strain in the three directions. A model of dry friction between the lamination and at the interlaminar contact is applied to compute the mechanical behavior of this laminated structure. Experimental measurements are also carried out. They are in accordance with the vibration predicted by the numerical model. This work reveals the importance of research on the cross-axis transmission of vibrations.

Power transformer scale

At the scale of the entire power transformer, studies revealed the role of magnetostriction and magnetostatic forces in the generation of vibration and noise in transformer cores. The noise of the transformer core can be roughly separated into two parts. The first one is due to the magnetostriction along the bulk parts of the core (yokes and limbs), which depends largely on the magnetic material. The second one comes from core joints between the limbs and yokes, due to the interaction of the sheet ends. The latter can be largely reduced by effective clamping and by the use of multi-step-lap joints. However, the mechanism of noise generation at the core joint remains poorly understood.

Weiser et al. [Weiser et Pfützner, 1998, Krell et al., 2000, Weiser et al., 2000] are the first who developed some systems to study the vibration of the transformer cores, and give detailed explanations of the noise generation mechanism at the core joints. Different core prototypes are built with different design parameters, such as overlap length, number of the overlap steps, and mean air-gap length. Measurements of the core noise and acceleration of the core surface are carried out. An example of measured surface displacement of a core is given in (from [23]) shows typical results for surface point displacements of yoke and corner regions of core type A built up with , i.e., MSL. Generally, numerical values showed low reproducibility and high scatter even in restricted subregions. However, the following trends can be observed.

1) In-plane displacements in -direction ( yoke axis) are of the order 50 nm. Related to the half yoke length of yields strains close to 3 m/m, which is well above the expected MS order (see Section II-B). This difference can be attributed in part to core buckling, as to be expected from inertia effects according to elasticity theory. However, as shown in the following, changes strongly with changed magnetic conditions of joint regions. The fact that these changes arise for almost constant mechanical conditions flux distributions (Section IV-B), and the corresponding effective mechanical elasticity modulus (Section IV-C). The experimental results reported above confirm the industrial experience that MSL joint assembling, instead of SSL, leads to distinct noise reduction. The fact that the results are derived from horizontally arranged model cores that deviate substantially from full size cores indicates that the improvements are not merely due to better mechanical stability. Rather, they can be attributed to different flux distributions, especially in joint regions, as indicated by the distinct role of air gaps and of other joint characteristics. The consequences of these flux distributions with respect to MF and excess MS are summarized in Fig. 22. A closer discussion is given in the following.

A. In-Plane Forces

According to the above experiments, MSL yields a distinct reduction of off-plane vibrations. However, as observed in Fig. 9, some reduction is also given for in-plane vibrations. A possible explanation follows from Section II-C; i.e., attraction forces between limbs and yokes appear for from the flux through air gaps, corresponding to a flux density T (8)

. Compression of the consecutive gaps of a joint yields a total displacement (9) A critical question is to estimate the value of the free length of compressed sheet regions , which as a theoretical minimum will equal . For closer clarifications, we studied the practically arising geometric arrangements of the sheet material in joint regions by means of low-magnification microscopy. Results as given in Fig. 23(b) demonstrate the following circumstances even for most carefully assembled joints: air-gap lengths vary considerably, the gap positions show shifts, sheet ends show thickness differences due to burr and due to lamination thickness tolerances (standardization allowing 10%), etc. Assuming a mean sheet thickness , an air gap will separate two sheets with effective end thicknesses . This means that some interlaminar air gap will always exist at one of the two sheet ends, as schematically outlined in Figs. 21 and23(c). Furthermore, this means that the overall thickness of the stack will be maximum at the gap region where differences are summing up. Thus, the force of the joint clamps will be taken over by a path [broken consolidation border line in Fig. 23(c)] through the whole stack, which is given by the sequence of sheet ends with 

Objective and strategy

This work proposes a complete modeling chain of a multilayered transformer, from material characterization to the estimation of core vibrations. A complete chain from the material and external loading to the prediction of the transformer deformation is presented, leading to the possibility of a global optimization including the design, assembly, and magnetic material behavior. It involves magnetic material characterization and modeling, finite element modeling chain, validation simulation and measurement, and finally optimization. The global strategy and achievement can be summarized and divided into four parts:

• A powerful material model is necessary, considering magnetic and magnetostrictive nonlinearity, anisotropy, and stress dependency.

• A homogenization procedure (rule) is needed, in order to consider the laminated structure in a 2D simulation.

• A strongly coupled finite element modeling chain is essential, from electrical excitation to core vibration and finally acoustic power estimation. Electromagnetic and acoustic optimization of the power transformer is made possible thanks to this modeling chain.

• Measurements on transformer prototype have to be finally carried out, validating (or invalidating) the numeric simulation.

Material model

It involves a simplified multi-scale model, based on the energetic description of the equivalent single crystal, in order to deal with the magnetic and magnetostrictive nonlinearity, anisotropy, and stress dependency. This model is applied to various magnetic materials such as Non-Oriented FeSi, Grain Oriented FeSi, FeNi Supra50, and FeCo Afk1. This model is the simplified version of this multi-scale model, which makes the best compromise of the precision and computation speed and is fully implemented in the finite element modeling chain for 2D simulation. A hysteresis extension of the full multi-scale model under the rotational field is also proposed. Accurate predictions of hysteresis loss under rotational field are achieved by a multi-scale model for the first time. Further simplification and finite element implementation of this formulation are still in process.

Homogenization procedure

As the studied power transformer is equipped with a laminated 'E-I' core, the magnetoelastic and magnetic behavior may not be homogeneous throughout the thickness. We have developed a magnetic and a mechanical mixing rule, in order to consider the laminated structure of the E-I stacked core in a 2D simulation. Other mechanisms coming from assembly precision and air gaps that may have also an influence on the sound emission are not considered in this modeling chain.

Finite element modeling chain

It proposes a strongly coupled finite element modeling chain, including magnetic resolution, force computation, mechanical feedback loop, harmonic mechanical resolution, and acoustic power estimation. This works with both the magnetic flux and winding current as the source term (excitation), together with circuit coupling. The core analysis and comparison at the same power level are facilitated. By imposing directly the magnetic flux in limbs, or coil current in each phase, displacement fields and acoustic power estimation of the transformer core are finally obtained. An optimization process is finally carried out to optimize the core dimensions, offering optimized electromagnetic and vibrational performances. Parallel computing and fast convergence method (such as the Newton-Raphson method) are also achieved to accelerate the numerical simulation.

Validation model/measurement

A benchmark is developed to measure the core distortion and noise emission on core prototypes. Comparisons between simulations and measurements allow the modeling chain to be validated for various cases, using different materials and core structures. Some important conclusions are made thanks to the measurements.

Conclusion

As shown in this state of the art, the noise of the power transformer has been studied for several decades. Numerous relative literature is found focusing on different aspects of the noise generation. Despite strong recent efforts in this field, no commercial software nor academic code is yet available to estimate and optimize the global deformation or noise level of a laminated transformer core, with the consideration of material anisotropy, nonlinearity of the magneto-mechanical behavior, and stress dependency. More importantly, numerical simulations proposed in the literature are rarely validated by experimental measurements carried out on a real structure.

This state of the art allows on the other hand to identify several key points and possible improvements. First, a complete modeling chain needs to be proposed, from the excitation (coil current or magnetic flux in the limbs) to the noise emission. Such a modeling chain needs a strong coupling to be established between the magnetic and mechanical aspects. Second, the material model is usually poor and needs to be improved. The magnetic and magnetostrictive anisotropy and stress dependency have to be considered. Ideally, this model must be able to adapt to various materials with different behaviors. Third, a homogenization strategy has to be considered to model the laminated structure of the stacked power transformer. Last, the numerical modeling has to be compared to experimental measurements obtained in the same condition to ensure a complete validation. Ideally, the validation is carried out under various materials, structures, and test conditions.

Introduction: basic ferromagnetism

Free energy of magnetic materials

Free energy (internal energy) of a magnetic domain At the atomic grouping scale, the magnetic equilibrium state can be described by different energy terms [Hubert et Schäfer, 1998]. The free energy is defined as:

W = W ex +W mag +W an +W el (2.1)
-W ex refers to the exchange energy.

-W mag refers to the magnetostatic energy.

-W an refers to the magneto-crystalline anisotropy energy.

-W el refers to the elastic energy.

Each magnetic domain is characterized by its magnetization M oriented along direc-tion~g and its magnetostriction strain ✏ µ .

M = M s ~g = M s [g 1 g 2 g 3 ] t (2.2)
M s is the saturation magnetisation. g 1 , g 2 and g 3 are the direction cosine of magnetization direction ~g in the crystal frame (CF). For typical cubic crystallographic symmetry, it is usual to define the free magnetostriction strain ✏ µ as:

✏ µ = 3 2 0 @ l 100 (g 2 1 1 3 ) l 111 g 1 g 2 l 111 g 1 g 3 l 111 g 1 g 2 l 100 (g 2 2 1
3 ) l 111 g 2 g 3 l 111 g 1 g 3 l 111 g 2 g 3 l 100 (g 2 3 1

3 )

1 A CF (2.3)
where l 100 (resp. l 111 ) is the saturation magnetostriction strain along the < 100 > (resp. < 111 >) direction of the single crystal.

Exchange energy

The exchange energy corresponds to the electromagnetic coupling between the neighbor magnetization vectors, which tends to unify the magnetization direction. It is defined as follows:

W ex = A • (r~g) 2 (2.4)
A is a constant parameter depending on the material. The exchange energy is null when the spatial variation of the magnetization direction is null.

Magnetostatic energy

W mag (equation (2.5) -where µ 0 is the vacuum permeability) tends to align the local magnetization M along the magnetic field H. This energy reaches its minimum when the magnetization lines up with the magnetic field.

W mag = µ 0 M • H (2.5)

Magneto-crystalline anisotropy energy

W an (equation (2.26)) tends to align the magnetization direction along the easy axes. In the form of cubic crystallographic symmetry proposed hereafter, K 1 is the so-called magneto crystalline energy constant and K 2 the second order terms.

W an = K 1 g 2 1 g 2 2 + g 2 2 g 2 3 + g 2 3 g 2 1 + K 2 g 2 1 g 2 2 g 2 3 (2.6)

Elastic energy

W el (equation (2.7)) is the elastic energy, expressed as a function of the local stress.

W el = 1 2 : C 1 : (2.7)
where C is the local elasticity tensor. This local stress can be expressed as a function of the free magnetostriction strain depending on the assumptions, leading to the so-called elastic energy equations.

Magneto-mechanical coupling

The magneto-mechanical coupling phenomena in ferromagnetic materials have two main manifestations: magnetostriction strain and the effect of stresses on magnetization. 

ε (ppm) µ FeCo Fe Ni Figure 2
.1: Longitudinal anhysteretic magnetostrictions of three ferromagnetic materials -measurements carried out at LMT [START_REF] Fall | Mesure et modélisation multiéchelle du comportement thermo-magnéto-mécanique des alliages à mémoire de forme[END_REF].

Magnetostriction

When a ferromagnetic material is submitted to a magnetic field, it deforms. This strain is associated with two distinct phenomena (already introduced):

• The magnetic forces, associated with the magnetization gradients, cause a purely elastic strain. This is a structural effect not considered in a constitutive behavior law.

• A 'spontaneous' strain, intrinsic to the material, also appears (Joule's strain). This strain is related to the re-arrangement of the domains and/or the modifications of the lattice parameters that are a function of the local magnetization.

Only the second phenomenon is called magnetostriction and noted in the tensor form ✏ µ . Similar to the magnetic behavior, the magnetostrictive behavior ✏ µ ( M) is strongly nonlinear (see magnetostrictive behavior for three different materials measured at LMT -2.1). This nonlinearity is associated with the existence of a maximum strain, called saturation strain (scalar value usually noted as l s ). The main features of magnetostriction are its sign (l s can be positive or negative), its amplitude (l s varies typically from 0 to 10 3 depending on materials), and this strain is volume-conservative (isochoric) (tr(✏ µ ) = 0) for magnetic materials [Du Trémolet de Lacheisserie, 1993b[START_REF] Trémolet De Lacheisserie | Magnetism -Fundamentals[END_REF] (It is true up to certain values of magnetization after which there volume magnetostriction starts to appear).

Magnetic behavior under stress

The application of a stress modifies considerably the magnetic behavior. This effect is documented from the 19th century. In the case of nickel, a uniaxial compression stress of 70MPa doubles the initial permeability; A uniaxial tensile stress of the same amplitude divides it by 10. et al., 2006].

The behavior of iron is more complex (figure 2.2): a tensile stress causes an increase in permeability at low magnetic fields but a decrease at high magnetic field. This phenomenon is called 'Villari effect' or 'Villari reversal'. On the other hand, a compression stress generally leads to a drop in the permeability. In all other cases, the influence on the magnetic behavior of the applied stress is not symmetric under tensile and compression stress. This mechanism, can be explained in the following way: Locally, the strain ✏ is the sum of two strains, the elastic strain ✏ el of mechanical origin and the magnetostriction strain ✏ µ (equation 2.8). The stress is linearly associated to the elastic strain via the local Hooke's law. ✏ µ denotes the 'free' magnetostriction strain, in other words, the magnetostriction strain we observed if the material could deform freely. In reality, deformation incompatibilities appear. The elastic energy can thus increase or decrease as a function of the magnetostriction (arrangement of the microstructure). The magnetic behavior becomes consequently a function of the applied stresses. The stress causes a re-arrangement of the microstructure.

✏ = ✏ e + ✏ µ (2.8)

Magnetic material composition

Crystal and Polycrystal

In terms of magnetic structure, all magnetic materials are heterogeneous. These materials, often polycrystals, are composed of small crystals called grains. Depending on the so-called magnetocrystalline energy, each grain defines different easy axes of magnetization. The size and orientations of these grains, known as texture, depends on the chemical composition and the forming process. The area separating two grains is the grain boundary.

Magnetic domain

Magnetic domains are observed as a sub-structure of the grain. They correspond to regions where magnetization is uniform and equals to M s . They can be observed through the use of microscopes [Bitter, 1932[START_REF] Landau | [END_REF] (Fig. 2.3 illustrates some domains observed by Kerr effect). Each magnetic domain possesses a uniform magnetization, whose norm is M s . From one magnetic domain to another, the magnetization norm remains the same, while its direction varies. A grain is divided into several magnetic domains oriented in different directions to minimize its internal energy. If the grain remains undivided with a constant magnetization all over the grain, strong magnetic poles are created. This requires huge magnetostatic energy stored in the magnetic field. To reduce this energy, grain can split into two domains exhibiting opposite magnetization directions. This allows the magnetic field to go from one magnetic domain into the other, reducing the magnetic field in the outer space, thus reducing the internal energy. This splitting procedure is repeated in each magnetic domain, until the lowest internal energy is achieved, resulting in smaller parallel domains with magnetizations in alternating directions. 

Domain wall

The interface between two magnetic domains, where the magnetization direction varies progressively, is called domain wall. This transition usually undergoes an angular variation 90°or 180°. Applied magnetic field causes the movement of the domain walls, leading to the change of the domain volume fraction. Ideally, the domain wall is free to move and depends on the applied magnetic field, but a material contains some defects.

The defects reduce the local magnetic energy of the wall itself, leading to the 'pinning' effect. The displacement of domain walls is brake by this effect. Thus the application of a greater magnetic field is required to pass over these defects. This procedure is often called unpinning, and is illustrated in Fig. 

Ideal magnetization process: anhysteretic behavior

The ideal magnetization process is achieved when the magnetic material is considered perfect, meaning defects free. In this case, domain walls are free to move, and no pinning nor unpinning is considered. In the absence of the magnetic field, the magnetization of each domain tends to align spontaneously in the directions of 'easy' magnetization, leading to the domain structure. When a magnetic field is applied, two distinct magnetization mechanisms appear that modify the magnetic equilibrium:

• movement of magnetic domain walls, modifying the size of the magnetic domains.

• rotation of the magnetic moments, modifying the average direction of magnetic domains and the magnetization direction.

In the case of materials with high magnetocrystalline anisotropy, the wall movements mechanism is dominant at the weak magnetic fields and rotation occurs at more intense magnetic fields. The ideal magnetization process of such materials is shown in Fig. 2.5 from the demagnetized state to the saturated state. This is combined with an illustration of magnetic domains evolution. Fig. 2.5(a) refers to the demagnetized state without applied field. When the external magnetic field is applied, concomitant mechanisms of movement of the domain wall and rotation appear. At small applied field, where magnetization curve is almost linear, the mechanism of domain wall movement is dominant, as shown in Fig. 2.5(b). The 'knee' of the magnetization curve indicates that the magnetic domain rotation starts as shown in Fig. 2.5(c). The modeling of this zone, where both two magnetization mechanisms occur, is key for magnetic cores of the transformer application. At the extremely high field, the magnetic material reaches the saturation and the rotation mechanism dominates, as shown in Fig. 2.5(d).
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.5: Ideal magnetization process: magnetization curve [Daniel, 2003] and magnetostriction curve.

Real magnetization process: hysteretic behavior

In a real magnetization process, the domain walls need to cross over the crystallographic defects and consume extra energy, associated to pinning and unpinning process. Theses effects lead to an irreversible magnetization process, known as magnetic hysteresis.

Hysteresis is the dependence of the state of a system on its history. For example, magnetic materials may have more than one possible magnetization state at a given magnetic field, depending on the loading history. It is, in fact, a lag between the applied magnetic field and the magnetization of the material. Plots of magnetic induction as a function of a periodically applied field often forms a loop, known as the hysteresis loop. The surface of this loop gives the magnetic losses. It is one of the most important sources of the losses in electrical devices. (Other losses include: eddy current and excess in sheets and joules losses in windings) Fig. 2.6 gives a general illustration of a hysteretic magnetization process for a 2D single crystal. Similar to the ideal magnetization process, real magnetization process starts from the demagnetized state with zero external magnetic field. Then domain walls begin to move under the action of the external field until they meet the crystallographic defects. The pinning and unpinning process follows as external magnetic field continues to increase. Because of the existence of crystallographic defects, the displacement of domain walls is smaller than the expected ideal magnetization process. In other words, for the first magnetization, the pinning and unpinning process slows down the magnetization process, and the level of magnetization reached is actually lower than it would be in the ideal case. Rotation of the magnetic moments appears and becomes dominant at higher external magnetic field. When the material is highly saturated, domain walls disappear. Grains theoretically become domains.
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Évolution de l'aimantation

En absence de champ magnétique, le principe du minimum d'énergie se traduit par l'alignement de l'aimantation selon les axes de facile aimantation. On forme ainsi une structure en domaines. En appliquant un champ magnétique, l'équilibre initial est modifié. Le nouvel état d'équilibre est le résultat de deux mécanismes : le changement de la taille des domaines par déplacement des parois magnétiques et la rotation de l'aimantation dans les domaines. Ces deux mécanismes peuvent co-exister ou se dominer l'un l'autre en fonction des constantes d'anisotropie et du niveau de champ. Ainsi, dans les matériaux à forte anisotropie, le mouvement des parois est prédominant pour les champs faibles et la rotation apparaît pour des champs intenses. La fi-

H M M s H Etat initial Etat final FIGURE 1.6: Schématisation du processus d'aimantation.
gure 1.6 illustre schématiquement l'évolution de l'aimantation macroscopique et de la structure en domaines magnétiques d'un tel matériau. Le début de la courbe d'aimantation, approximativement linéaire, est principalement dominé par des mécanismes de mouvement quasi-réversible des parois, on la note zone de Rayleigh. Il apparaît ensuite le déplacement irréversible des parois de domaines. Le volume des domaines dont les vecteurs M forment le plus petit angle avec la direction du champ magnétique H augmente au détriment des domaines adjacents d'orientation moins favorable. Lors du mouvement des parois, les domaines changent de taille. Le déplacement des parois et la variation d'aimantation associée sont généralement interrompues lorsque les parois se heurtent à des défauts de structure du matériau (impuretés, amas de dislocations, microfissures [Vonsovskii et Hardin, 1974]).

Le "coude" de la courbe d'aimantation annonce le début de la rotation de l'aimantation dans les domaines en direction du champ appliqué. La valeur de l'aimantation tend vers la limite théorique représentée par l'aimantation à saturation M s .

L'hystérésis magnétique

La variation de l'induction et du champ dans les matériaux s'accompagne d'une évolution des [Rekik, 2014] The grain then splits into small domains when the magnetic field decreases, leading to new walls. As the external magnetic field continues to decrease, domain walls move to meet back the crystallographic defects, and cross back these defects. This time, the crystallographic defects prevent the domain wall from turning back, so that the actual magnetization is higher compared to the magnetization of a perfect magnetic material. Even if the external magnetic field is decreased to zero, the magnetization remains positive, leading to the remanent magnetization. The remanence level depends on the type of material, textures, fabrication process, and maximum applied magnetic field.

Multiscale magneto-mechanical modeling of anhysteretic behavior 2.2.1 State of the art: anhysteretic model

There are many models for magnetic materials. They are not distinguished by their characteristic scales, the consideration of certain phenomena (hysteresis, eddy currents, coupling to mechanics...) nor the resolution methods.

Micro-magnetic approaches

Micromagnetism is a theoretical approach to describe the magnetization process at µm 3 scale. This scale is broad enough so that the discrete character of atomic magnetic moments can be replaced by continuous functions and sufficiently fine to consider the transition zones between the domains. The numerical resolution is in charge of minimizing the energetic function containing nonconvex terms (magnetocrystalline anisotropy energy) and interface terms (exchange energy). The solution of the problem is not unique and depends on the initial domain configuration and steps (numerical discretizations) of the calculation. Magneto-mechanical coupling is achieved by the introduction of elastic energy and the free magnetostriction [START_REF] Mballa-Mballa | Micromagnetic modeling of magneto-mechanical behavior[END_REF]. This method is mainly used to model fine structures at the magnetic domain scale. It is not suitable for the resolution of a polycrystalline REV (Representative Elementary Volume) problem or would lead to prohibitive calculation times otherwise.

Macro-magnetic approaches

Among the macroscopic models, anhysteretic and/or hysteretic thermodynamic models, or loss models that do not predict the behavior properly, should be distinguished. Thermodynamic models usually use a separation between nondissipative reversible mechanisms (often associated with Langevin functions) and dissipative mechanisms associated with first or second order differential equations. One of the most famous models is probably the Jiles-Atherton-Sablik model [Jiles et Atherton, 1986a]. It is used by many authors, and implemented in some computational codes. It has been extended to situations as diverse as dynamic behavior, elastic coupling [Sablik et Jiles, 1993] and plasticity. A variant model of this kind has been developed at LMT-Cachan by Gourdin [START_REF] Gourdin | Experimental identification of the coupling between the anhysteretic magnetic and magnetostrictive behaviours[END_REF]].

The thermodynamic potential formulation makes the elementary macroscopic magnetization (and magnetostriction) accessible, making it possible to describe the minor cycles in particular. The Preisach model [Preisach, 1935] falls into the category of hysteresis models. It involves a series of functions depending on parameters whose physical sense are sometimes difficult to identify. The simplified multiscale model [START_REF] Daniel | A simplified 3D constitutive law for magnetomechanical behavior[END_REF] is included in the category of macroscopic models. This results from the work carried out at the GeePs, in continuation with the multi-scale model developed at LMT or the multi-domain model [Lazreg et Hubert, 2011]. Its main characteristic is the use of an equivalent single crystal: a polycrystalline REV can be modeled at a lower cost by the use of an equivalent single crystal whose domain equilibrium is ensured by the use of a Boltzmann function. A coupling of these codes to the Hauser model allows considering the static hysteresis.

Multiscale approaches

The main elements of this model will be included in the next subsection of this thesis. We will not, therefore, give a detailed description of this model in this paragraph. Let us simply note that the multi-scale model (MSM), developed over the last twenty years at the LMT [START_REF] Buiron | A multiscale model for magneto-elastic couplings[END_REF], Daniel et al., 2008], is based on three different scales and the interactions between them. Given the magnetocrystalline energy, it is possible to divide the crystal into a finite number of magnetic domains families. Each family corresponds to a volume fraction that is a function of its free energy. At the grain scale, the anhysteretic equilibrium corresponds to a certain energetic minimum. This minimum is achieved by combining a Boltzmann-like function to compute the volume fractions of the domain families and the minimization of the total energy to calculate the orientation of the magnetization of the domains. A change of scale (localization and homogenization under certain hypotheses) makes it possible to define the magnetic, elastic and magnetoelastic behavior at the scale of the single crystal (or grain). The second change of scale (localization and homogenization under certain hypotheses) makes it possible to define the behavior of a RVE. The notion of macroscopic anisotropy factors (surface effect, configuration) has been introduced in order to consider the initial anisotropic distribution of the domains.

Introduction of the multi-scale model (MSM)

The anhysteretic multiscale elastic coupled model described hereafter [START_REF] Daniel | Reversible magneto-elastic behavior: a multiscale approach[END_REF] is used as the basis of material modeling. First the energetic description of the constitutive law of single crystal is recalled. Then polycrystalline medium behavior is obtained by averaging the single crystal behavior.

Behavior of magnetic domain

A single crystal g is considered composed of a series of magnetic domains with random orientations. A magnetic domain family a is defined as a set of magnetic domains oriented to certain direction~g a . The definition of the corresponding magnetization Ma and magnetostriction strain ✏ a µ is recalled here after:

Ma = M s ~ga = M s [g a 1 g a 2 g a 3 ] t (2.9) ✏ a µ = 3 2 0 @ l 100 ((g a 1 ) 2 1 3 ) l 111 g a 1 g a 2 l 111 g a 1 g a 3 l 111 g a 1 g a 2 l 100 ((g a 2 ) 2 1 3 ) l 111 g a 2 g a 3 l 111 g a 1 g a 3 l 111 g a 2 g a 3 l 100 ((g a 3 ) 2 1 3 ) 1 A CF (2.10)
where g a 1 , g a 2 , and g a 3 are the direction cosine of the magnetization ~ga in the crystallographic frame (CF).

The magnetization and the magnetostriction strain in a magnetic domain are supposed uniform, so that the exchange energy W a ex in domain family a is null.

W a ex = 0 (2.11)
We suppose that the local magnetic field in the magnetic domain is equal to the magnetic field applied to the single crystal ( Ha = Hg ). With this hypothesis, the magnetostatic energy in magnetic domain family a is expressed as:

W a mag = µ 0 Ma • Hg (2.
12)

The definition of magneto-crystalline anisotropy energy in magnetic domain remains unchanged. It is recalled hereafter:

W a an = K 1 (g a 1 g a 2 ) 2 + (g a 2 g a 3 ) 2 + (g a 3 g a 1 ) 2 + K 2 (g a 1 g a 2 g a 3 ) 2 (2.13)
The stress in the magnetic domain a is a complex function of the stress applied to the grain g and the magnetostriction tensor ✏ a µ . Daniel et al. [START_REF] Daniel | Reversible magneto-elastic behavior: a multiscale approach[END_REF] have demonstrated that, with the hypothesis of homogeneous strain in the single crystal, the expression of elastic energy is expressed as:

W a el = 1 2 a : C 1 : a (2.14)
In order to consider the shape of the material (thin sheet or long bar), a configuration energy W a con f (equation (2.34)) is considered. This term allows the non-randomness of the configuration of the initial domains to be taken into account (in the absence of applied magneto-mechanical loading) due to plastic deformation [Hubert et Daniel, 2006] or to surface (demagnetizing) effects [Hubert et Daniel, 2008]. This configuration energy can be described by a fictitious residual stress ⌃ c , and is proved to be equivalent to a demagnetizing energy [START_REF] Daniel | A multiscale model for magneto-elastic behaviour including hysteresis effects[END_REF], given as:

W a con f = ⌃ c : ✏ a µ (2.15)
The local free energy W a of the magnetic domain family a in a single crystal g is then expressed as:

W a = W a mag +W a an +W a el +W a con f
(2.16)

Grain scale: constitutive law

Once the free energy is known for a given domain family a of direction ~ga , its volume fraction f a is calculated according to an explicit Boltzmann-type relation (2.17) [START_REF] Daniel | Reversible magneto-elastic behavior: a multiscale approach[END_REF], Buiron et al., 1999]. A s is an adjusting parameter related to the initial magnetic susceptibility c 0 of the material in absence of external or configuration loading (2.18).

f a = exp ( A s W a ) Z a exp ( A s W a ) da
(2.17)

A s = 3 c 0 µ 0 M 2 s (2.18)
Once the volume fractions f a i of domain family a i is known for all possible directions (depending on the numerical discretization), the magnetization Mg and magnetostriction ✏ g µ of the single grain g are defined as the average values of local quantities (2.23).

Mg = Z a f a Ma and ✏ g µ = Z a f a ✏ a µ (2.19)
This multi scale model at the grain scale gives finally the average magnetostriction strain and magnetization at a given magnetic field Hg and stress g . This calculation has to be made for each grain of a polycrystalline aggregate.

From the grain to the polycrystal scale

The orientation of a grain inside the polycrystalline medium is defined by three Euler angles, which are different from one grain to another. This orientation information of the polycrystal is usually called texture, which can be obtained through Electron Backscatter Diffraction (EBSD), forming a so-called Orientation Data File (ODF). The local magnetization and deformation are different from one grain to another, leading to the demagnetizating field and residual stress effect. This effect makes the local magnetic and mechanical loadings ( Hg and g ) different from the global loadings ( H and ). Typically the calculation of the local loadings are carried out on each grain through a self-consistent polycrystalline scheme [START_REF] Daniel | Reversible magneto-elastic behavior: a multiscale approach[END_REF], where local loadings ( Hg and g ) are derived from the macroscopic loadings ( H and ), using eq.2.20 and eq.2.21:

Hg = H + 1 3 + 2c ⇣ M Mg ⌘ (2.20) g = B : + L : ✏ µ ✏ g µ (2.21)
c is the magnetic susceptibility, B is the elastic localization operator, and L is the elastic incompatibility operator. The incompatibility operator defines the compatibility effects resulting from the different behaviors between an isolated grain and the surrounding environment. These tensors depend on the crystallographic orientation of the considered grain. Once this self-consistent procedure is converged, the local magnetic and mechanical loadings ( Hg and g ) are determined.

However, computation time of such a self-consistent scheme is too high to introduce it in a structural analysis. By neglecting the fluctuations of magnetic field and stress over the volume (uniform magnetic field and stress assumptions), simplification is made to accelerate calculations on local loadings ( Hg and g ). Once the full knowledge of magnetization Mg and magnetostriction ✏ g µ of each grain is obtained, the macroscopic responses M and ✏ µ of the material are obtained from an averaging operation (2.22).

M =< Mg > and ✏ µ =< ✏ g µ > (2.22)

Introduction of the simplified multi-scale model (SMSM)

The full multi-scale model gives a precise description of magnetic and magnetostrictive behavior, however, the computation time is non-negligible considering the complexity of the model. In order to reduce the computation time, some simplifications of this model are necessary. The simplified version of this full multi-scale model is proposed in [START_REF] Daniel | A multiscale model for magneto-elastic behaviour including hysteresis effects[END_REF]][Daniel et al., 2008], called simplified multi-scale model (SMSM). It involves a simplification of the description of a polycrystal through an equivalent single crystal that will exhibit approximately the same anisotropies, magnetic and magnetostrictive behavior as the polycrystal. The macroscopic magnetic and magnetostrictive behaviors are obtained directly from the magnetic and magnetostriction response of the grain:

M = Mg = Z a f a Ma and ✏ µ = ✏ g µ = Z a f a ✏ a µ (2.23)
This SMSM works well for quasi-single-crystal materials such as GO FeSi and FeNi Supra50, because the macroscopic behavior and the behavior of a single crystal is very similar. For other materials whose macroscopic behavior is close to isotropy, the magnetocrystalline anisotropy energy is set to zero. A slight macroscopic anisotropy is then controlled by the configuration energy. In this case, in order to describe correctly the magnetostrictive behavior, an artificial magnetostrictive constant l 100 = l 111 = l s is considered.

Extension of the simplified multi-scale model (SMSM)

To adapt the SMSM to different materials and to make possible some sensitivities to the rolling direction of the sheets, some modifications of the SMSM has been proposed in this thesis. In this new SMSM, the local free energy of a magnetic domain W a tot is expressed as the sum of five contributions (2.24):

W a tot = W a mag +W a an +W a el +W a con f +W a struc (2.24)

Magneto-static energy

The definition of the magnetostatic energy the same in SMSM and MSM:

W a mag = µ 0 Ma • H (2.25)
The magnetic field considered is the global magnetic field.

Anisotropy energy

W a an varies from material to material. The anisotropy energy is seperated in two terms (W a an = W a an1 +W a an2 ), presented as follows: • W a an1 applies for materials possessing a very strong textures close to a quasi-singlecrystal texture. In this case, the behavior described at the single crystal scale is able to represent the macroscopic behavior. This will be observed later (see Chap.IV). Both FeNi Supra50 and GO FeSi are such materials. In the form proposed hereafter, K 1 is the so-called magneto crystalline energy constant and second order terms (e.g. K 2 ) are not considered. P is a 4 th order tensor that describes the magneto-crystalline anisotropy in CF -(xyz). Q is a simple transformation matrix from CF to the Sample Frame (SF -(XY Z)). t Q denotes its transposed form. The combination of the transformation matrix with the anisotropy matrix allows the expression of a large variety of anisotropies at the macroscopic scale. Several definitions of P (using a 6⇥6 Voigt representation) are given in equation ( 2.27) for cubic symmetry (2.27a), uniaxial symmetry of axis x (2.27b) and isotropy (2.27c).
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• W a an2 is an artificial energy related to a weak texture. This energy term is designed to modify the initial distribution of magnetic domains in order to adapt the macroscopic anisotropy. Indeed, the SMSM is based on an equivalent single crystal description of the material, it is necessary to integrate the texture information into the single crystal, in order to represent the macroscopic anisotropy. In the form proposed in 2.28, K 11 , K 12 and K 13 are parameters ajusting magnetic and magnetostrictive anisotropy in SF. R is a 4 th order tensor that describes the texture related anisotropy in the SF. S is a simple rotation matrix which permits a flexible positioning of the principal orthotropic axes in the electrical sheet. Definition of R (using a 6⇥6 Voigt representation) is given in equation (2.29).

W a an2 = (~g a ⌦~g a ) : S • S • R • t S • t S : (~g a ⌦~g a ) (2.28) R = 1 3 0 B B B B B B B B @ 3K 11 K 11 + K 12 K 11 + K 13 0 0 0 K 11 + K 12 3K 12 K 12 + K 13 0 0 0 K 11 + K 13 K 12 + K 13 3K 13 0 0 0 0 0 0 K 11 + K 12 0 0 0 0 0 0 K 11 + K 13 0 0 0 0 0 0 K 12 + K 13 1 C C C C C C C C A SF (2.29)

Elastic energy

The definition of elastic energy is unchanged, related to a homogeneous stress condition at the polycrystalline scale:

W a el = : ✏ a µ (2.30)
In order to describe the elastic energy in a more general way, the free magnetostriction is re-written in SF:

✏ a µ = Q • ✏ a µ CF • t Q (2.31)
In a more general way, eq.2.32 can be expressed in form of:

✏ a µ = Q • (T : (~g a ⌦~g a )) • t Q (2.32)
where T is a 4 th order tensor that describes the free magnetostriction strain in the CF (eq.2.33).

T = 3 2 0 B B B B B B B B B @ l 100 1 3 1 3 1 3 0 0 0 1 3 l 100 1 3 1 3 0 0 0 1 3 1 3 l 100 1 3 0 0 0 0 0 0 l 111 0 0 0 0 0 0 l 111 0 0 0 0 0 0 l 111 1 C C C C C C C C C A CF (2.33)

Configuration energy

The definition of the configuration energy is the same in SMSM and MSM:

W a con f = ⌃ c : ✏ a µ (2.34) Structure energy W a struc (equation 2.35
) is a new term related to the structure/form of the electrical sheet. Once the original electrical sheets are cut into strips or 'E-I' sheets, the domain configuration may be influenced. Typically for the FeNi Supra50, single crystals are aligned along the cutting board of the sheet, because of a strong sensitivity to the demagnetizating effects. However, as a material model, SMSM should describe the intrinsic behavior of a material.

For applications such as power transformers, the magnetic field is always the board of the electrical sheet. This makes it possible to get an information about the form of the sheets through the knowledge of the direction of the magnetic field. h is the direction of the magnetic field. C sets the maximum level of the structure energy. The following expression can be proposed:

W a struc = C | ~ga • h| (2.35)

Differential magnetic susceptibility

Once the volume fractions of the magnetic domains are computed with the help of free energy, the differential magnetic susceptibility tensor d is then computed. It is given by (2.36) and can be derived from the SMSM as proposed in [Bernard et Daniel, 2015]. This output of the model SMSM is essential for the non-linear magnetic resolution using the Newton-Raphson method.

d = ∂ M ∂ H = µ 0 A s ✓ M 2 s  a f a ~ga ⌦~g a M ⌦ M◆ (2.36)
2.3 Multiscale magneto-mechanical modeling of hysteresis behavior

State of the art: hysteresis model

Magnetic hysteresis is perhaps one of the most famous phenomena in magnetic materials. It denotes that the current state of a material depends on its history. Magnetic hysteresis varies from one material to another, and depends on the frequency of external excitation. More importantly, the iron loss is closely related to the hysteresis. It is important to understand and model the magnetic hysteresis, in order to give an accurate prediction of the material behavior and to make reliable structural computations. With great efforts carried out by our pioneers, the source and mechanism of the magnetic hysteresis are well understood. Numerical models of magnetic hysteresis are numerous. Some of the most famous models are listed bellow:

• Preisach Model: The Preisach Model (PM) has been first introduced in 1935 [Preisach, 1935], describing the hysteresis loop as a series of parallel connected independent hysterons. Each hysteron possesses its own 'switch-off' and 'switch-on' threshold, noted as a and b. With the accurate adjustment of the weight factor for each hysteron, PM is able to achieve good agreement between measured and modeled hysteresis loop. The vectorized PM is constructed as the linear superposition of the scalar PM [Mayergoyz, 2003]. Although PM gives good results within reasonable computation time in a finite element simulation, it is still considered a mathematical tool adapted to ferromagnetism. Application of the PM under complex magnetic and mechanical loadings remains difficult.

• Jiles-Atherton Model: The Jiles-Atherton Model (JAM) has been first introduced in 1984 [Jiles et Atherton, 1986a], based on the phenomenological description of the hysteretic behavior. The original model is able to calculate the minor and major hysteresis loop. However, it is limited to isotropic materials. Extension of JAM was then carried out by Ramesh et al. [START_REF] Ramesh | A model of anisotropic anhysteretic magnetization[END_REF] for anisotropic case. Szymanski et al. [Szymański et Waszak, 2004] proposed the vectorized JAM, adapted to the rotational magnetic field. Further developments were proposed, adding new features to this model, considering stress dependency [Sablik et Jiles, 1993] and frequency dependency [Jiles, 1994] of the hysteresis loop. These developments and adjustments, however, have made the JAM a model that is too complicated and far from the microstructure of the material. The use of macroscopic internal variables strongly limits the extension of JAM. We are looking for hysteresis model that is close to the microstructure, and use the local internal variables for the definition of the material hysteresis behavior.

• Hauser's Model: The Hauser's Model (HM) has been first proposed in 1994 [Hauser, 1994], based on the energetic description of the magnetic material. This model gives a prediction of the material state by a minimization of the global energy, which allows considering complex physical phenomena. However, in this model, Hauser supposes that the magnetic material only consists of two magnetic domains, one in the direction of the magnetic field, the other in the opposite direction. The entire model works under this bi-domain assumption, where the magnetic field is always in the direction of the magnetic domain. This strongly simplifies the problem and has its physical explanation, as the magnetic hysteresis is generally created by the displacement of the 180 magnetic domain walls. However, this model only deals with scalar magnetic hysteresis, which strongly limits its use in the finite element resolution.

• Hysteresis extension on MSM: Considering the limitation of the existing hysteresis model and the strength of MSM, hysteresis extensions of MSM and SMSM have already been proposed.

One of the first attempts is made by Rizzo [Rizzo, 2012], who added the irreversible part of Hauser's model [Hauser, 1994] directly in the MSM at the magnetic domain scale. This gives the possibility to model magneto-mechanical coupled problem together with hysteresis effects. However, huge modifications of the original Hauser's model have been carried out, making this model far from the physical description of the material.

Rekik et al. [START_REF] Daniel | A multiscale model for magneto-elastic behaviour including hysteresis effects[END_REF] extended the multiscale magneto-mechanical coupled model using Hauser's hysteresis model at the grain scale, in order to consider hysteresis effect and external stress. Simplifications of this model have also been carried out [START_REF] Daniel | A simplified 3D constitutive law for magnetomechanical behavior[END_REF]. Indeed, the applied magnetic field must be considered as unidirectional. The application of hysteresis SMSM is not relevant in devices such as electrical machines and power transformers, where rotational magnetic appears in certain areas (Fig. 2.7).

Figure 2.7: Direction of the magnetic field in power transformers [Kulkarni et Khaparde, 2016].

Although numerous modifications and improvements of these models are achieved by predecessors, none of them gives an all-in-one solution, handling well both magnetic and magnetostrictive hysteresis, under complex magnetic and mechanical loadings. A magnetic and magnetostrictive hysteresis model adapted to the rotational magnetic field (or 2D magnetic field) is crucial. This new form of model needs to consider the anisotropy and stress dependency for high precision simulation and must be adapted to a various magnetic materials. Ideally, the model requires easy parameter identification process, and must be able to predict material behavior under complex magnetic and mechanical loadings.

Irreversible Multiscale model (IMSM)

In this thesis, a new approach is proposed to combine Hauser's model and MSM, called IMSM hereafter. Hysteresis effect is considered by separating the applied magnetic field Hef f (so-called effective field) into a reversible field Hrev and an irreversible field Hirr (eq.2.37).

Hef f = Hrev + Hirr (2.37)

The reversible magnetic field Hrev and applied stress are inputs of the MSM for the computation of material state. Outputs are magnetization M and magnetostrictive strain ✏ µ . The irreversible magnetic field Hirr is computed in parallel with the help of Hauser's model at the magnetic domain scale, depending on the previous magnetization path and external loadings. This decomposition is first applied at the grain scale (eq.2.38), where Hg e f f , Hg rev , and Hg irr are respectively the effective, reversible, and irreversible magnetic field at the grain scale. Averaging operations considering texture information (eq.2.39) allows the magnetic fields to be obtained at the polycrystalline scale.

Hg e f f = Hg rev + Hg irr (2.38)
Hirr =< Hg irr > (2.39) Fig. 2.8 gives an illustration of the workflow for IMSM. The detailed information is summarized as follows:

• The local energy W a of the magnetic domain a oriented in all possible directions is first computed, including magnetostatic energy (Zeeman energy), magnetocrystalline energy, elastic energy, and configuration energy.

• Volume fraction f a of each magnetic domain is then obtained, according to the explicit Boltzmann-type relation.

• Magnetization Mg and magnetostrictive strain ✏ g µ at the grain scale are then obtained through an averaging process.

• Magnetic domains oriented in the opposite directions are combined together, forming bi-domains b oriented in a semi-sphere.

• Based on these bi-domains, where the volume fraction of the two opposite magnetic domains is pre-computed, a modified Hauser's model is applied to get the irreversible magnetic field Hb irr acting on each bi-domain. The direction of this irreversible field is oriented in the direction of the bi-domain.

• The irreversible magnetic field

Hg irr at the grain scale is then obtained by an averaging process, with the consideration of the volume fraction of each magnetic bi-domain.

• By taking the material texture data into consideration, the macroscopic magnetization M, magnetostrictive strain ✏ µ , and irreversible magnetic field Hirr are finally computed. • The effective magnetic field Hef f is the sum of the irreversible and reversible magnetic field.

Although the original Hauser's model is based on the energetic description of the local energy and gives a prediction of magnetic hysteresis behavior, this newly proposed IMSM approach has many improvements comparing to the previous propositions. The integration of MSM (with the consideration of crystalline texture) and self-consistent procedure lead to a precise description of the magnetic and magnetostrictive behavior, including anisotropy and stress dependency. Compared to Rekik's extension, the IMSM is constructed on a series of bi-domains, each experiencing the Hauser's model. This new approach allows the quasistatic losses under rotational magnetic excitations to be predicted.

Description of the bi-domain in MSM

The MSM already gives the volume fraction of domain family a oriented in all directions. These discrete directions are chosen to be uniformly distributed in a unit sphere, and each direction can find its opposite direction. Each pair of domain families oriented in the opposite direction creates a bi-domain. We consider a bi-domain b formed by domain families a + and a , with domain family a + pointing to the direction of the upper semisphere. Their volume fractions are respectively f a + and f a . The volume fraction of the bi-domain b is defined as f b = f a + + f a . Thanks to this definition, 180 domain walls are naturally created between the two opposite domains within the same bi-domain. We define the wall positions n b inside the bi-domain b (as a new internal variable): The description of the bi-domain gives complementary information about microscopic behavior at the domain scale, including two main mechanisms of magnetization: wall displacement and magnetization rotation. Considering a rotational field loading, the former mechanism dominates the material behavior at low field, the latter at the high field.

n b = f a + f a + + f a = f a + f b (2.

Original Hauser's model

Static hysteresis effect, independent of the frequency, is related to the pinning sites. As applied magnetic field increases in certain direction, the domain walls move and meet the pinning sites. The more the domain walls move, the more likely they are to cross the pinning sites, leading to a larger hysteresis loop (larger Hirr ). The coercive field meets nevertheless a maximal value for a so-called 'major' loop. Hauser's model is based on this theory that considers magnetic material as a bi-domain structure: one magnetic domain along the direction of applied field, the other magnetic domain in the opposite direction. The hysteresis effect can consequently be described by the movement of the domain wall inside the bi-domain. The domain wall position is defined through the use of macroscopic reduced magnetization m = M/M s . The movement of the domain wall is represented by the variation of the m. This leads to the description of irreversible field H irr as follows:

H irr = sng(m m 0 ) ✓ k r µ 0 M s + c r H rev ◆ h 1 k exp( q k |m m 0 |) i (2.41)
where q, k r , c r , and k are material parameters. m 0 is the starting value of m at the last field inversion. Term |m m 0 | varies from 0 to 2, describing the wall displacements from a macroscopic scale. sng(m m 0 ) is equal to ±1 depending on the direction of the magnetic loading. The term k r µ 0 M s controls the coercivity of the hysteresis cycle. k adapts its value each time at the field inversion in order to keep the continuity of irreversible field:

k = k 0  1 exp ✓ q k 0 |m m 0 | ◆ (2.42)
where k 0 is the recorded value of k at the last inversion.

Although this formulation is able to describe the hysteresis effects correctly including remanence, coercivity and static losses, H irr and H rev remain unidirectional. The irreversible field is always in the direction of the reversible magnetic field. This strongly limits the use of the original Hauser's model, especially for rotational field loadings. However, the bi-domain assumption in Hauser's model has a perfect match with the MSM, where a set of bi-domains is considered in each grain.

Modified Hauser's model adapted to the MSM

Necessary modifications are made to adapt the Hauser's model to the MSM. Following Hauser's proposition, the contribution of the irreversible field of a bi-domain b can be described as follows:

Hb irr = sng(n b n b 0 ) ✓ k r µ 0 M s + c r H b rev ◆ h 1 k b exp( q k b |n b n b 0 |) i ~ga + (2.43)
where k r , q and c r are universal parameters throughout the material. n Hysteresis effect in the case of rotational magnetization adds even more complexities, depending on the material texture, 180 domain wall movement, and rotation of the magnetization. Unlike most hysteresis models, the newly proposed IMSM gives a physical description of the local and global hysteresis behavior, possessing numerous advantages. The IMSM uses local internal variable n b to describe the 180 domain walls movement, which is supposed to be the main physical source of the hysteresis. The application of modified Hauser's model at each bi-domain forms local hysterons, similar to the idea of Preisach model. The volume fraction of each domain oriented in different directions is given by MSM and material texture data. This also allows the description of material anisotropy and stress dependency. With the application of the external magnetic field, the volume fraction of the domains varies, leading to the computation of the local 180 domain walls movement, and thus hysteresis effect. The illustration of magnetization procedure using IMSM is shown in Fig. 2.9.

H=0 H H H saturation

Figure 2.9: Illustration of magnetization procedure using IMSM.

Although the irreversible field Hb irr is defined in the direction of reversible field Hb rev and magnetization Mb in each bi-domain, the macroscopic irreversible field Hirr does not necessarily lie in the direction of reversible field Hrev . This forms an angular offset between the effective field Hef f and reversible field Hrev . An example of vector diagram is given in Fig. 2.10, where the magnetic field is a rotating magnetic field.

Magnetic field rotation

Figure 2.10: Vector diagram of effective field, reversible field and irreversible field.

Example of application Anhysteretic behavior

The proposed IMSM model is applied to a Non-oriented FeSi (NO50 FeSi) with the thickness of 0.5mm. The anhysteretic magnetic and magnetostrictive behavior of this material have been measured and modeled (using MSM) at LMT-Cachan by Rekik [Rekik, 2014].

The parameters used for the modeling are recalled in [START_REF] Daniel | A multiscale model for magneto-elastic behaviour including hysteresis effects[END_REF], Rekik, 2014].

It must be noticed that the MSM tends to underestimate the initial magnetic permeability in all directions (RD, 45 and TD) and the magnetization curves predicted by the model reach the saturation more rapidly than the experimental ones. However, the anisotropy of the magnetic behavior is correctly represented by MSM, leading RD as an easy direction and TD as a hard direction. The description of the magnetostrictive behavior of the material is satisfactory. Further optimization of the parameters, such as A s (or M s as proposed in [START_REF] Aydin | Magnetomechanical modeling of electrical steel sheets[END_REF]), is possible for a better accordance between experimentation and modeling.

Hysteretic behavior

Four parameters are used to adjust the hysteretic behavior, according to the IMSM. parameters adapted to NO50 FeSi and identified under a major loop are given in Table 2.2. Magnetic hysteresis loop and magnetostrictive butterfly loop under alternative magnetization load are given in Fig. 2.12 and Fig. 2.13, where the simulated behavior (by IMSM) is compared to the measured behavior obtained at low magnetic field amplitude. The shape of the simulated hysteresis loop is correctly described. As already noticed in Fig. 2.11, the predicted anhysteretic magnetization curve exhibits some differences compared to the measured curves. The anhysteretic behavior gives the skeleton of the hysteresis loops. This explains the difference between the simulated and the measured hysteresis loop. Further improvement of the anhysteretic behavior is able to better describe the hysteretic behavior.

Param. c r k b init k r q Value 0.1 1 150 48 Unit - - J/m 3 -
Another important difference to notice between the measurement and the simulation is the coercivity. It is observed that the order of the experimental coercivity value in different directions is: TD > 45 > RD. While the IMSM (without any adjustment) gives an opposite prediction: TD < 45 < RD. Indeed the initial distribution of the magnetic domains is anisotropic: more magnetic domains are oriented along RD than along TD. As there are fewer domains initially lying along TD, fewer hysteresis is created by the 180 domain walls movement, resulting in this prediction of coercivity. Making the parameter k r as a function of magnetic domain volume fraction may be a good way to adjust the coercivity of IMSM. 

Hysteresis loss

Despite the fact that the shape and form of the hysteresis loop vary as a function of frequency, the hysteresis loss is restricted as a frequency-independent term of the total core losses. It is often measured with alternative or rotational magnetization at a very low frequency (usually less than 1Hz). The hysteresis loss W is defined as the integration of the magnetic energy over one stationary cycle, shown in eq.2.46. This hysteresis loss is described as the energy consumed per cycle, with J/m 3 as the unit.

W = Z cycle H d B (2.46)
In a practical way, the hysteresis loss is computed with a discretized formulation (eq.2.47) for both numerical simulation and experimental measurement. n is the number of simulated/measured data within one hysteresis cycle.

W = n  i=2 1 2 ⇣ Hn + Hn 1 ⌘ • ⇣ Bn Bn 1 ⌘ (2.47)
In the case of alternative magnetization, the magnetic field is applied in a certain direction with a sinusoidal waveform. The corresponding loss is simply the surface of the hysteresis loop. A series of numerical simulations has been carried out using IMSM under various magnetization levels. The magnetic field is applied along three different directions RD, 45 , and TD. The hysteresis losses as a function of the peak magnetic induction in all three directions are given in Fig. 2.14. These simulations are also compared with a recent measurement from the literature [START_REF] Appino | Alternating and rotational losses up to magnetic saturation in non-oriented steel sheets[END_REF]. The measurement is carried out on a similar 0.35 thickness non-oriented FeSi material under 2Hz. The comparison between the measurement and the simulation shows good agreement in general: the hysteresis loss rises continuously as the magnetic induction increases.

It must be noticed that the hysteresis loss predicted by IMSM along RD is higher than that along TD. This result is contradictory with former experimental results. This may be due to the wrong estimation of predicted coercivity. We observe on the other hand that the hysteresis loss from experiments rises more rapidly from 1.3T to 1.5T . This point is not addressed by the IMSM. Further investigations are needed to improve the model. To obtain a rotational magnetization, a rotating magnetic field is applied: the magnetic field amplitude is progressively increased during the first cycle (transient state) and a constant amplitude is applied for the next cycles (stationary state). An illustration of the applied reversible magnetic field is shown in Fig. 2.15 (left), with a maximum amplitude of 3000A/m. The cumulative loss as a function of magnetic field angle is given in Fig. 2.15 (right), where the maximum amplitude of reversible magnetic field varies from 10 to 3000A/m. Because of the magnetic anisotropy of the material, the amplitude and phase-shift of magnetic induction vary as the magnetic field rotates. The hysteresis loss is based on the phase difference between the magnetic induction and magnetic field and their respective amplitudes. Therefore, the cumulative hysteresis loss increases and decreases according to the direction of the magnetic field. The hysteresis loss per cycle is then computed as a function of the average magnetic induction and given in Fig. 2.16. The simulation is compared with four previous measurements in the literature. They are listed below:

• Brailsford et al. [Brailsford, 1939] carried out measurements on various of samples under quasi-static condition. The material used for comparison showed in Fig. 2.14(b) is called 'ordinary transformer silicon steel' (sample 3) with a thickness of 0.31mm.

• Fiorillo et al. [START_REF] Fiorillo | [END_REF] gave the rotational hysteresis loss on a 0.35mm-thickness non-oriented FeSi, with a frequency tending to zero.

• Zhu et al. [Zhu et Ramsden, 1998] used a Non-oriented FeSi sheet steel 'lycore 130', with a thickness of 0.35mm. The frequency of the rotational magnetization field is 1Hz.

• Appino et al. [START_REF] Appino | Alternating and rotational losses up to magnetic saturation in non-oriented steel sheets[END_REF] worked on a 0.35mm-thickness non-oriented FeSi disc, with a 2Hz rotational magnetic field.

All the selected measurements shown in Fig. 2.16 are carried out under similar conditions on similar materials. The hysteresis loss, plotted against average magnetic induction, rises slowly before the 'knee' point and falls rapidly towards zero at saturation. This is a well-known phenomenon for rotational hysteresis loss in accordance with the magnetic domain theory: (i) at low magnetization (before the 'knee' point), the displacement of the 180 domain walls is dominant. Domain walls have to go across the defects and cause loss. (ii) at high magnetization, the rotation of the magnetization occurs. This is a non-dissipative procedure, so that the rotational hysteresis loss begins to decrease as the magnetization increases. (iii) near saturation, magnetic domain walls disappear. The rotational hysteresis loss goes towards to zero.

The IMSM model perfectly predicts this non-monotonous rotational hysteresis loss curve, and shows general agreement with the previous measurements. This, on the other hand, justifies the choice of combining MSM and Hauser's model. The introduction of the two mechanisms (domain wall movement and magnetization rotation) is also verified for its efficiency. It is noticed that the peak loss given by IMSM is about 40% lower than the experimental peak losses presented in the literature. More investment and further studies are necessary to improve the IMSM model.

Conclusion

In this chapter, we focused on the multiscale modeling of the magneto-mechanical behavior of the ferromagnetic materials. In terms of the multiscale modeling of magnetomechanical anhysteretic behavior, extensions of the SMSM have been proposed. This makes the SMSM a generalized model which can be adapted to different materials. More importantly, this extension also allows the rotation of easy axis in a finite element modeling chain to be considered, leading to the simulation of different configurations of power transformers (8 shaped core, E I core...). In terms of the multiscale modeling of magneto-mechanical hysteresis behavior, IMSM has been presented. This is a combination of a modified Hauser model and MSM at the grain scale. It must be highlighted that this model is able to predict the magnetic and magnetostrictive hysteresis behavior under a 2D magnetic and mechanical loading. Static hysteresis losses are computed under alternative and rotational magnetic loadings. Good agreements are found between the simulations results of IMSM and the measurements reported in the literature. It should be noted that the IMSM has not been adapted to the finite element modeling presented in the next chapter and in the global comparisons of experiment and modeling carried out on transformers. This remains an unachieved issue. The electromagnetic field computation can be solved by partial differential equations derived from Maxwell's equations under certain boundary conditions. Maxwell's equations define relations between the electromagnetic field quantities and the source terms:

-⇥ Ẽ = ∂ B ∂t (3.1) -⇥ H = J + ∂ D ∂t (3.2) -• D = r e (3.3) -• B = 0 (3.4)
where Ẽ is the electric field, B the magnetic flux density, H the magnetic field, D the electric induction, J the current density, and r e the electric charge density. The first Maxwell's equation (3.1) is the differential form of Faraday's law, which states that the time-varying magnetic field induces the electric field. The second Maxwell's equation (3.2) covers the Ampere's law in differential form, which represents that the current and time-varying electric field generate magnetic fields. These two formulations are strongly coupled and interact with each other, if the eddy current and electromagnetic radiation is considered. The time-varying magnetic field generates electric field leading to eddy current inside the conducting materials. This current creates the magnetic field around and modifies the initial magnetic field. The third Maxwell's equation (3.3) is the Gauss's law for electric fields. The fourth Maxwell's equation (3.4) is the Maxwell-Thomson law, showing that the magnetic field is divergence-free and the magnetic flux lines close upon themselves. Different from the magnetic field, the electric field can be generated from electric charges.

For low-frequency applications, such as synchronous electrical motors and power transformers, the time derirative terms ( ∂ B ∂t and ∂ D ∂t ) are negligable. This leads to the approximation of magnetostatic regime, where the eq.3.1-3.4 are reduced to:

-⇥ Ẽ = 0 -• D = r (3.5) -⇥ H = J -• B = 0 (3.6)
These expressions can be futher reduced/simplified with the consideration of the constitutive relations between the quantities:

J = s Ẽ B = µ H (3.7)
The magnetic permeability µ is a scalar if the material is isotropic, and a tensor if the material is anisotropic. In our case, the magnetic behavior B = µ H is given by SMSM.

The magnetic field and magnetic induction can be discontinuous when going from one medium to another. Two medium W 1 and W 2 are considered, with ñ the normal vector pointing from medium W 1 to W 2 . The boundary between the two media is G. The boundary conditions are given by eq.3.8, where Js is the surface current between two media.

⇣ B2 B1 ⌘ •ñ = 0 on G ⇣ H2 H1 ⌘ ⇥ñ = Js on G (3.8)
The computation of the static electromagnetic problem comes mainly with two methods: magnetic scalar potential formulation (T 0 j formulation) and magnetic vector potential formulation (A formulation). Almost all commercial softwares use magnetic vector potential for static electromagnetic solving because of its fast numerical convergence and stable performance. However, for some small projects with limited mesh size, the magnetic scalar potential formulation provides also reliable performance with very low computational cost. A strong advantage of the magnetic scalar potential formulation is its ability of the extension from 2D to 3D resolution. This is important for some scientific researchers who develop their code first in 2D to verify the functionality, and then pass to 3D for more precise computation.

Magnetic scalar potential (T 0 j) formulation for magnetostatic problems

The magnetic field can be split in two parts, a rotational part T0 and a non-rotational part Hm : H = T0 + Hm (3.9)

The rotational part T0 is called current vector potential. The curl of this vector potential is related to the source current, discribed as:

-⇥ T0 = J (3.10)

The non-rotational part Hm can be represented by the gradient of a scalar potential j:

Hm = -j (3.11)
because of the identity -⇥( -j) ⌘ 0 for any scalar function j. Therefore, the magnetic field can be re-written as a function of magnetic scalar potential and current vector potential: H = T0 -j (3.12)

Despite the simplicity of the magnetic scalar potential formulation, problems can occur if the magnetic permeability of the material is high. The high permeability leads to a strong decrease of the magnetic field inside the magnetic material, and thus T0 ⇡ -j. When these two almost equal values are subtracted from each other, it causes cancellation errors. Fortunately, for most applications, this error can be ignored, because the electrical current circulates only in the coils, not inside the magnetic material.

Magnetic vector potential (A) formulation for magnetostatic problems

Magnetic vector potential formulation is defined in a very similar way compared to magnetic scalar potential formulation. As the magnetic induction is a divergence free quantity, it can be defined by: B = -⇥ Ã (3.13) because of the identity -• ( -⇥ṽ) ⌘ 0 for any vector function ṽ. Detailed explanations of the application and source term definition are explained in [Bouillault, 1991]. Typically for FEM, the edge-based magnetic vector potential formulation has more degrees of freedom, that leads to a heavy computational burden. However, this formulation has clear advantages over the magnetic scalar potential formulation for problems with a large number of elements.

In this thesis work, the magnetic scalar formulation is chosen for the magnetic resolution. This makes the integration of the SMSM easier. Magnetic scalar formulation solves the magnetic scalar j, leading to the magnetic field H. The magnetic field is then injected into SMSM as input, in order to update the magnetization M.

Modeling of mechanical phenomena

Within the domain of solid mechanics and approximation of the continuous medium, the local equilibrium equation is defined by:

-• + f = r m ∂ 2 ũ ∂t 2 (3.14)
where is the 2 nd order mechanical stress tensor, f is the volume force, r m is the mass density, and ũ is the displacement field. This equation describes the displacement of all the points in the studied domain under a mechanical excitation, for example, vibration problem. If a mechanical problem is under the static assumption, where no dynamic effect is considered, the eq.3.14 reduces to:

-• + f = 0 (3.15)
In a mechanical system, the displacement and stress fields must be defined under certain boundary conditions, described as:

•ñ = fs on G f ũ = ũ0 on G u (3.16)
where fs is the imposed surface force, ũ0 the imposed displacement. G f and G u are boundaries of the studied object with surface force and displacement boundary conditions.

In this thesis, only the elastic behavior (Hooke's law) is considered in the mechanical system. The general expression for linear constitutive behavior is:

= C : ✏ el (3.17)
where ✏ el is 2 nd order elastic strain tensor. C is a three-dimensional forth-order stiffness tensor, which contains 81 elements. This is reduced to 21 different elements because of the symmetries of stress and strain tensor and the quadratic form of elastic energy (linear medium). . To reduce the complexity of the expression of eq.3.17, it is useful to express Hooke's law in matrix notation, called Voigt notation. The symmetry of the stress and strain tensors is considered, and these tensors are then expressed in form of six-dimensional vectors: Many problems in elasticity may be treated in 2D. There are generally two types of problems involved in this plane analysis: plane stress or plane strain. These two types will be defined by setting down certain restrictions and assumptions on the stress and displacement fields.

=

Plane stress formulation

Plane stress formulation is mainly used for problems such as plates, fillets, or other changes in geometry that are loaded in their plane. It is assumed that the stress in outof-plane direction is null (s 33 = 0, s 13 = 0, s 23 = 0). Equation (3.20) is then written as follows: In the isotropic case, the number of parameters that define the stiffness tensor reduces to two: the Young's modulus E and the Poisson's ratio n. The isotropic 2D (plane stress) Hooke's law is given by: 2

e el33 =
4 s 11 s 22 s 12 3 5 = E 1 n 2 2 4 1 n 0 n 1 0 0 0 1 n 2 3 5 2 4
e el11 e el22 2e el12 3 5 (3.30)

e el33 = n 1 n (e el11 + e el22 ) (3.31)

Plane strain formulation

Plane strain formulation is commonly used to analyze deformation or fracture of materials. It is also used in examination of shape/size changes in two dimensions. It is assumed that the strain in the out-of-plane direction is null (e el33 = e el13 = e el23 = 0). Equations (3.20-3.21) are then written as follows: 

s 11 = C

Overview of modeling chain

The modeling of the power transformer core vibration and noise emission involves several physical phenomena, such as electric, electromagnetism, solid mechanics, and acoustic. These physical phenomena interact more or less with each other. One general modeling strategy for power transformer is to tackle each physical phenomena separately using sectional approach: first magnetic resolution, then mechanical resolution, and finally acoustic power estimation.

The global modeling strategy is summarized in Fig. 3.1. As the power transformer works at low frequency, a static assumption is applied for the magnetic resolution. A sequence of current I or magnetic flux f in the time domain is considered as excitation of the magnetic problem. Magnetic resolution is carried out in the time domain, with the built in magneto-mechanical coupled SMSM. At each time point, both Maxwell tensor T and magnetostriction free strain ✏ µ are obtained, which leads to the computation of the magnetic force density and magnetostriction equivalent force density (detailed in section 3.5). A mechanical feedback loop is designed in parallel with the magnetic resolution loop. This gives the induced stress in the different layers, that modifies the magnetic and magnetostrictive behavior of the material. Harmonic mechanical resolution is carried out in the frequency domain to avoid the transient state and obtain a better efficiency. The displacement field ũ of the core is finally obtained. Acoustic power estimation P ac is achieved as the last step, which gives a global indicator of noise emission. 

Two media homogenization

An E-I stacked core is assembled with hundreds of layers. Typically, a layer is assembled anti-parallel to its neighbor layer, forming two layer families. Each layer consists of an 'E-shaped' sheet and an 'I-shaped' sheet, as illustrated in Fig. 3.2. f 1 and f 2 define the section (or volume) fraction of layer family 1 ('E-shaped' sheet upside and 'I-shaped' sheet downside) and layer family 2 ('E-shaped' sheet downside and 'I-shaped' sheet upside) respectively. Since ferromagnetic materials are often anisotropic, the easy magnetization directions of 'E-shaped' sheets and 'I-shaped' sheets are oriented differently, leading to an inhomogeneous behavior from layer to layer. Considering the complexity of the SMSM, a 2D description of the transformer structure is required in order to save computation time. Fig. 3.3 gives the equivalent 2D model of an E-I stacked core, where the material behavior in the 'mixed zone' is different from layer to layer. In order to consider this inhomogeneity in the normal direction for 2D modeling, a homogenization strategy of a heterogeneous problem is required to extract the average behavior (physical notations used hereafter are considered in 2D). 

Hypotheses

The following assumptions are considered:

• Sheets are normally very thin, allowing to assume a 2D homogeneous magnetic field using the classical tangential magnetic field continuity condition. H1 and H2 denoting the magnetic field in each family, the following relation is obtained (eq.3.38). H1 = H2 = H (3.38)

• Sheets are considered perfectly stacked together, allowing to assume a homogeneous displacement field at the interface between two sheets. Homogeneous strain can consequently be considered in the sheet plane. ✏ 1 and ✏ 2 denoting the total strain in each family, the homogeneous strain hypothesis within the sheet plane (XY ) leads to:

✏ 1XY = ✏ 2XY = ✏ XY (3.39)
✏ indicates the average deformation (NB: deformation along Z-axis is on the contrary not necessarily homogeneous).

• The transformer is supposed mechanically unloaded and thin enough to consider out-of-plane stress free conditions on upper and lower surfaces. This assumption leads to:

1 . Z = 2 . Z = . Z = 0 (3.40)
indicates the average stress.

• Elastic and magnetostrictive deformations are considered sufficiently small to allow additive description of total deformation:

✏ = ✏ µ + ✏ el (3.41)
✏ el indicates the elastic strain tensor.

Mixing rules

The magnetic flux f circulating in the transformer through the surface S of normal ñ belonging to the sheet plane can be expressed as the sum of the flux in families 1 and 2 of sections S 1 and S 2 of normal ñ (eq.3.42).

f = ZZ S B •ñds = ZZ S 1 B1 •ñds + ZZ S 2 B2 •ñds (3.42)
At a given point of the 2D problem, induction is homogeneous through the thickness for each family since magnetic field is homogeneous as well. The flux conservation relation is rewritten in:

B = f 1 B1 + f 2 B2 (3.43)
with f 1 and f 2 the section (or volume) fraction of family 1 and 2 respectively ( f 1 + f 2 = 1). Homogenized magnetic induction can be defined as B = µ 0 ( H + M), where M is homogenized magnetization. With this mixing rule of magnetic induction (eq.3.43) and the hypothesis of homogeneous magnetic field (eq.3.38), a mixing rule of magnetization is obtained as well:

M = f 1 M1 + f 2 M2 (3.44)
Mi is the magnetization in layer family i.

The differential susceptibility in layer family 1 and 2 are respectively defined as d1 and d2 , where

di = d Mi d H (i = 1,2) (3.45)
This leads to a homogenization of differential susceptibility:

d = f 1 d1 + f 2 d2 (3.46)
The mechanical resultant R over a surface S of normal ñ belonging to the sheet plane can be expressed as the sum of the mechanical resultant in families 1 and 2 of sections S 1 and S 2 of normal ñ as function of the average stress and the stress in each medium following: R =

ZZ S •ñds = ZZ S 1 1 •ñds + ZZ S 2 2 •ñds (3.47)
At a given point of the 2D problem, the stress is homogeneous through the thickness for each family since deformation (especially elastic) is homogeneous as well. The resultant conservation relation is rewritten in:

= f 1 1 + f 2 2
(3.48)

As underlined before, the total strain ✏ is the sum of elastic strain ✏ e and magnetostrictive strain ✏ µ . Applying Hooke's law to each family, the following expressions of local stress tensor are obtained:

1 = C 1 : ✏ el1 = C 1 : ✏ 1 ✏ µ1 (3.49) 2 = C 2 : ✏ el2 = C 2 : ✏ 2 ✏ µ2 (3.50)
C 1 and C 2 are the 4 th order stiffness tensor of families 1 and 2. The average stress is on the other hand related to the average elastic strain using the effective stiffness tensor C.

= C : ✏ e = C : ✏ ✏ µ (3.51)
The mixing rule (eq.3.48) is applied and simplified using the homogeneous deformation hypothesis, leading to:

C = f 1 C 1 + f 2 C 2 (3.52)
on the one hand (usual averaging operation over the stiffness tensor -Voigt bound), and:

✏ µ = f 1 (C 1 C 1 ) : ✏ µ1 + f 2 (C 1 C 2 ) : ✏ µ2 (3.53)
on the other hand. This new mixing rule over the magnetostriction strain allows the calculation of a homogenized magnetostriction deformation depending on the stiffness, volume fraction and magnetostriction strain of each layer. In a real transformer with hundreds of layers f 1 ⇡ f 2 ⇡ 0.5.

Homogenized SMSM

In order to carry out multi-layer power transformer simulation in a 2D description, the combination of the mixing rule and the SMSM is developed. As shown in Fig. 3.2, the rolling direction in the 'mixed zone' is different from layer to layer, forming a composite material. The strategy is to apply SMSM to each layer family, with different orientation of rolling direction. Magnetization, differential susceptibility, and free magnetostriction strain in each layer family are first computed. The homogenized behavior is then obtained by applying the mixing rule defined in eq.3.44, 3.46 and 3.53. 

Magnetic resolution

Magnetic resolution is carried out under the magnetic static assumption (induced currents not considered). Since the constitutive model is anhysteretic, magnetic hysteresis and dynamic behavior are not considered. The imposed magnetic flux or coil current is first discretized in the time domain. The magnetic resolution uses an iterative Newton-Raphson method: a magnetic flux f or coils current I is imposed; the magnetization M is arbitrarily defined at the first loop allowing a first estimation of the magnetic field H; SMSM is then engaged to take into account anisotropy, nonlinearity and the stress dependency of the material. This SMSM is combined with a homogenization rule, forming a homogenized SMSM, in order to achieve the modeling of the laminated structure in a 2D simulation, which leads to an average behavior through the layers. The homogenized differential magnetic susceptibility d and magnetization M are then updated, using the homogenized SMSM. The procedure is iterated until convergence. At the end of each magnetic iteration, both Maxwell tensor T and magnetostriction free strain ✏ µ are obtained. The block diagram for magnetic resolution is summarized in Fig. 3 The creation of magnetic field needs external excitations. For the application of power transformer, this is numerically achieved by injecting current in the coils or 'injecting' the magnetic flux in the ferromagnetic core. According to Faraday's law, the electromotive force is given by the changing rate of the magnetic flux. This means that numerically impose a sinusoidal magnetic flux in the power transformer core is equivalent to apply a sinusoidal voltage on the coils, which is close to the working condition of real power transformers.

The magnetic resolution with imposed current is relatively simple and has advantages such as a low computational cost. However, one important criterion for power transformer design is the power-to-mass ratio (transmitted power per unit mass), which is proportional to the magnetic flux f circulating in the transformer core. It i consequently important to compare the core deformation and excitation current of different cores at the same imposed magnetic flux. Besides, transformers are normally driven with voltage, which is proportional to the magnetic flux in each phase. Imposing balanced magnetic flux often leads to unbalanced currents in the coils, because of the unbalanced reluctance in most of the transformer parts. In this section, we are going to introduce magnetic resolution using both methods: current loading and magnetic flux loading.

Current injection Basic equations and weak formulation

The following part gives some details on the magnetic field computation for electric current loading. The scalar potential formulation is engaged (eq.3.54), where j is the magnetic scalar potential and I is the current in the coils. A unit current potential vector T n 0 is defined to get current density in coils j (eq.3.55). Considering the magnetization M and vacuum permeability µ 0 , the magnetic induction B is deduced, based on eq.3.56.

H = -j + I T n 0 (3.54) I -⇥ T n 0 = j (3.55) B = µ 0 ( H + M) (3.56) -• B = 0 (3.57)
Combined with magnetic flux conservation rule (eq.3.57), the weak formulation is shown in (3.58), where W is the integration domain, u is a test function, and n 0 is the vacuum reluctivity. With a given coil current I, the magnetic scalar potential j is deduced through the non-linear system resolution.

F I (j) = Z W B • -u dW = Z W µ 0 ⇣ -j + I T n 0 + M⌘ • -u dW =0 (3.58)
For the electrical devices containing multiple phases, such as three-phase power transformer, formulation (eq.3.58) is able to be easily adapted:

F I (j) = Z W B • -u dW = Z W µ 0 ⇣ -j + I 1 T n 01 + I 2 T n 02 + I 3 T n 03 + M⌘ • -u dW =0 (3.59)
where I 1 , I 2 , and I 3 are current injected in phase 1, 2, and 3. T n 01 , T n 02 , and T n 03 are the unit current potential vectors for each phase.

Discretization and non-linear resolution

The weak form of the magneto-static problem (eq.3.58) is then developed in first order Taylor series:

F I (j + Dj) = F I (j) + ∂F I ∂j Dj = 0 (3.60)
This problem is then solved, using Newton-Raphson method. This leads to the iterative relation shown in (eq.3.61). µ p rd is the differential relative magnetic permeability tensor for the p th iteration, obtained from p d (eq.3.62). Dj gives the difference between iterations (eq.3.63).

Z W µ 0 µ p rd • -u • -(Dj) dW = Z W Bp • -u dW (3.61) µ p rd = p d + 1 (3.62) Dj = j p+1 j p (3.63)
This iterative relation is then discretized and solved using finite element method, leading to a linear system between iterations (eq.3.64), where m is the number of degrees of freedom. ' is the vector gathering the magnetic scalar potential values at the nodes. Components in (eq.3.64) are defined in (3.65)-(3.66). i and j denote respectively the index of row and column of each component.

[A] (m⇤m) [D'] (m⇤1) = [D] m⇤1
(3.64)

a i j = ZZ W µ 0 µ rd • -j i • -u j dW (3.65) d i = ZZ W -u i • Bi dW (3.66)
When this system converges, ' is obtained by accumulating D'. Magnetic field H is then computed using (eq.3.54). M and ✏ µ fields are the outputs of the SMSM at each time step.

Magnetic flux injection Basic equations and weak formulation

Magnetic resolution with flux injection is built based on current injection. In magnetic resolution with current injection, coils current is given and the system solves the magnetic scalar potential, which leads to the computation of the magnetic field and induction. In magnetic resolution with flux injection, the magnetic flux in the core is imposed as the input of the problem, and one need to solve both the coils current and the magnetic scalar potential. The fact that the system has more unknown parameters needs the addition of another equation to solve the system. In addition to the classic magnetic scalar potential formulation described by (eq.3.54-3.57), the second equation is obtained from the total magnetic energy formulation shown in (eq.3.67) [Bouissou et Piriou, 1994].

fI = Z W I T n 0 • B dW (3.67)
where f is the given magnetic flux. This formulation is rewriten in form of (eq.3.58).

Combined with equation (eq.3.58), the magnetic resolution can be carried out with given applied magnetic flux, leading to the coil current value I and magnetic scalar potential j.

F f (j,I) = Z W T n 0 • B dW f = Z W µ 0 ⇣ -j + I T n 0 + M⌘ • T n 0 dW f =0 (3.68)
This form described in (eq.3.68) can also be extended to multi-phase applications, where each phase corresponds to one formulation, shown in (eq.3.69).

F fi (j,I i ) = Z W T n 0i • B dW f i = Z W µ 0 ⇣ -j + I i T n 0i + M⌘ • T n 0i dW f i =0 (3.69)
F fi (j,I i ) refers to equation in phase i. f i and I i are respectively the imposed magnetic flux and computed current in phase i.

Discretization and non-linear resolution

At a given moment, this static non-linear magnetic problem is solved using the Newton-Raphson method. As a consequence, the problem defined by (eq.3.58) and (eq.3.68) is developed in first order Taylor series for both unknowns j and I: The iterative relation of this problem is then described in (eq.3.72) and (eq.3.73). µ p rd is the differential relative magnetic permeability tensor for the p th iteration. Dj and DI give respectively the difference between iterations.

Z W µ 0 µ p rd • -u • -(Dj) dW Z W µ 0 µ p rd • T n 0 • -u(DI) dW = Z W Bp • -u dW (3.72) Z W µ 0 µ p rd • T n 0 • -(Dj) dW + Z W µ 0 µ p rd • T n 0 • T n 0 (DI) dW = f Z W Bp • T n 0 dW (3.73)
This iterative relation is then solved using a finite element method, leading to a linearized system of equation between iterations (eq.3.74). ' is the vector gathering the magnetic scalar potential values at the nodes. Components in (eq.3.74) are defined in (eq.3.75-3.79). i and j denote respectively the index of row and column of each component. m indicates the number of degrees of freedom. 24

A (m⇤m) B (m⇤1) B t (1⇤m) c 3 5 • " D' (m⇤1) DI # =  D (m⇤1) e (3.74) a i j = ZZ W µ 0 µ rd • -j i • -u j dW (3.75) b i = ZZ W µ 0 µ rd • -u i • T n 0 dW (3.76) c = ZZ W µ 0 T n 0 • T n 0 dW (3.77) d i = ZZ W -u i • Bi dW (3.78) e = f ZZ W B • T n 0 dW (3.79)

Multi-phase consideration and circuit coupling

The electromagnetic system is able to be extended to a three phase problem. The system described by (eq.3.58) and (eq.3.68) is then written in form of (eq.3.80) and (eq.3.81).

F I (j + Dj,

I 1 + DI 1 , I 2 + DI 2 , I 3 + DI 3 ) =F I (j, I 1 , I 2 , I 3 ) + ∂F I ∂j Dj + ∂F I ∂I 1 DI 1 + ∂F I ∂I 2 DI 2 + ∂F I ∂I 3 DI 3 =0 (3.80) F fi (j + Dj, I 1 + DI 1 , I 2 + DI 2 , I 3 + DI 3 ) =F fi (j, I 1 , I 2 , I 3 ) + ∂F fi ∂j Dj + ∂F fi ∂I 1 DI 1 + ∂F fi ∂I 2 DI 2 + ∂F fi ∂I 3 DI 3 =0 (i = 1,2,3) (3.81)
Considering a three phase transformer in star configuration without neutral, it is possible to add a closure equation for current: I 1 + I 2 + I 3 = 0. (eq.3.82) gives the new global weak formulation system of equations, where components are defined in (eq.3.83-3.87). i and j denote respectively the index of row and column of each component, and k is the number of phases. Using an imposed magnetic flux computation at each phase f k , two kinds of unknowns are solved at once: ' is the vector gathering the magnetic scalar potential values at the nodes; I k is the k th phase current. 2 6 6 4 

A (m⇤m) B 1(m⇤1) B 3(m⇤1) B 2(m⇤1) B 3(m⇤1) B t 1(1⇤m) B t 3(1⇤m) c 1 c 3 0 B t 2(1⇤m) B t 3(1⇤m) 0 c 2 c 3
a i j = ZZ W µ 0 µ rd • -j i • -u j dW (3.83) b i k = ZZ W µ 0 µ rd • -u i • T n 0(k) dW (3.84) c k = ZZ W µ 0 T n 0(k) • T n 0(k) dW (3.85) d i = ZZ W -u i • Bi dW (3.86) e k = f k ZZ W B • T n 0(k) dW (3.87)
After resolution of this non-linear electro-magnetic system, I k and ' are obtained by accumulating DI k and D'. M and ✏ µ fields are the outputs of the SMSM at each time step.

Maxwell stress tensor

Maxwell stress tensor is developed from Maxwell equations, in order to compute the magnetic force in an easier way, compared to the Virtual Power Principle. The classical Maxwell stress tensor is noted as T M (eq.3.88), where stands for the second order identity tensor. This allows the computation of total magnetic force inside a surface S by integrating the normal component of T M over S. However, this is true when the surface S lies entirely in a linear and isotropic material with a scalar magnetic permeability µ, and this happens only in the air (or in an ideal infinite material). The application of classical Maxwell stress tensor allows an easy computation of the local magnetic force in air-gaps.

When it comes to the computation of the distribution of magnetic force inside a magnetic material, or at the interface of two magnetic materials, the classical Maxwell stress tensor can not be applied.

T M = H ⌦ B 1 2 H • B (3.88)
We introduce in this modeling chain, a newly developed symmetric Maxwell stress tensor [Bossavit, 2015], which is able to deal with the nonlinearity and anisotropy of the material behavior (eq.3.89). The term j ⇣ H⌘ is the magnetic co-energy, which takes the material nonlinear behavior into account. The divergence of this newly developed Maxwell stress tensor is indeed the local force, supposing that the B-H law has no dependence on the local stress.

T SM = 1 2 ⇣ H ⌦ B + B ⌦ H⌘ j ⇣ H⌘ (3.89)

Force computation

Once the Maxwell stress tensor and the free magnetostriction strain tensor are computed, the next step consists in the calculation of the relating forces to obtain the mechanical loading of a pure vibrational problem.

Considering volume magnetic forces fm , the balance equation leads to:

-• + fm = r m ∂ 2 ũ ∂t 2 (3.90)
where ũ indicates the displacement field and r m the mass density. Using the decomposition of total strain ✏ into elastic ✏ el and magnetostrictive strain ✏ µ , Hooke's law is expressed in (eq.3.91), under plane stress assumption.

= C : (✏ ✏ µ ) (3.91)
Equation (3.90) then becomes:

-• ˜ + fµ + fm = r m ∂ 2 ũ ∂t 2 (3.92) with: ˜ = C : ✏ and fµ = -• (C : ✏ µ ) (3.93)
The magneto-elastic problem is transformed into a pure elastic problem where the material is submitted to a magnetostriction equivalent force fµ and a magnetic force fm . Magnetostriction equivalent force is a virtual force that creates the same quantity of strain on the material compared to the magnetostriction. These force densities are then transformed into weak forms, leading to corresponding nodal forces [START_REF] Galopin | Finite element modeling of magnetoelectric sensors[END_REF]. Nodal force is a fictive force, numerically concentrated on the nodes of the mesh. Weak formulations of magnetostriction equivalent nodal force and magnetic nodal force are given in (eq.3.94-3.95).

F v,i µ = Z W (grad s (ṽ i ) : C : ✏ µ ) dW (3.94) F v,i m = Z W (grad s (ṽ i ) : T ) dW (3.95)
where grad s is the symetric gradient, defined as: grad s (ũ) = 1 2 ( -ũ + -ũ T ). ṽi is the vectorial test function at the node i, and F v,i µ (F v,i m ) the magnetostriction equivalent nodal force (magnetic nodal force) at the node i in the direction ofṽ. Then, nodal forces are used as loading for the mechanical resolution. A force profile over the time Fµ (t) is obtained at each node.

Mechanical feedback loop

Magnetostriction and magnetic forces create stress fields that modify the magneto-mechanical behavior of materials. This influence is usually considered negligible in power transformers due to the low magnetostriction of the materials and weak level of magnetic forces in a core structure. The core deformation created by these two loadings is nevertheless not null, and can differ strongly from one layer to another at the same contact point. Because layers in the real transformer are assembled together, creating a uniform displacement and consequently a uniform deformation, the elastic deformation can strongly differ from one layer to another at the same point. The local stress can consequently be very strong through the layers, even if its average value remains small. To the author's knowledge, such kind of configuration has never been tested in the literature.

In this work, a mechanical feedback loop is introduced in the time domain, using static assumption. It is designed as an independent computation block in parallel with the magnetic loop. It can be activated in order to take the induced stress into consideration, or deactivated to economize computation time. In this mechanical feedback loop, the static mechanical resolution is carried out first, taking equivalent force densities as mechanical loadings (3.96). This leads to the total strain field ✏, sum of the elastic and free magnetostriction strain (3.97), where ✏ el1 (✏ el2 ) and ✏ µ1 (✏ µ2 ) are respectively the elastic and free magnetostriction strain in layer family 1 (layer family 2).

fµ = -• ˜ with: ˜ = C : ✏ (3.96) ✏ = ✏ el1 + ✏ µ1 = ✏ el2 + ✏ µ2 (3.97)
Magnetostriction induced stress at the structure level for each layer is finally obtained by a simple linear elastic relation (3.98).

1 = C : ✏ el1 and 2 = C : ✏ el2 (3.98)
This stress is injected as an input of the SMSM in the magnetic loop, leading to a fully coupled magneto-mechanical solution. Fig. 3.6 gives the illustration of the strategy for mechanical feedback loop. In practice, the convergence procedure can be stabilized by the introduction of a relaxation coefficient. Harmonic mechanical resolution is carried out for each harmonic n of pulsation w n (3.99).

Mechanical Feedback Loop

-

• ˜ n + f n µ + f n m = r m (w n ) 2 ũn (3.99)
where f n µ is the density of the equivalent force of the n th harmonic. ũn is the displacement field of the n th harmonic. w n is the pulsation. After finite element discretization, the weak form of equation (3.99) can be written as:

[K] (w n ) 2 [M] [U n ] = [F n µ ] + [F n m ] (3.100)
where [M] is the mass matrix, and [K] corresponds to the stiffness matrix. Considering the damping coefficient b, equation (3.100) becomes:

[K] + 2 jbw n [K] (w n ) 2 [M] [U n ] = [F n µ ] + [F n m ] (3.101)
This equation is complemented by Dirichlet boundary conditions: one point is fixed and considered as the reference point; a neighbor point can only move along X direction (isostatic boundary condition). Displacement field ũn is obtained by solving equation (3.101). The time domain solution is obtained by an inverse Fourier transformation of the previous solution:

u i (kDt) = N Â n=1 U n i cos(w n (kDt) + h) (3.102)
where h is the phase delay, and k an integer number starting from 0. The time discretization Dt over a period T gives the maximal number of harmonics that are considered in the calculation: max(K) = T /2Dt 1.

Moreover it must be underlined that the constitutive equation of the material leads to an initial homogeneous non-null deformation (without electrical loading), due to W a con f (eq. 2.34). The actual displacement field is the difference between the displacement under loading and the no-load case:

u i (kDt) actual = u i (kDt) loaded u i (kDt) unloaded (3.103)
Moreover a modal analysis can be implemented by solving the mechanical equation without applied force and damping:

[K][U] w 2 [M][U] = [0] (3.104)
The solving of equation (3.104) allows the calculation of the main vibration modes of the transformer structure.

Acoustic estimation

The displacement field is obtained for each harmonic from the mechanical resolution, leading to the estimation of the vibration generation induced by the core deformation.

A block of post-treatment is next added, calculating the acoustic power P ac . Acoustic power is an integration of the sound intensity Ĩac along the external oriented surface of the considered structure s (3.105). Ĩn ac is the n th harmonic of sound intensity, which is the product of the n th sound pressure P n ac with particule velocity Ṽ n (effective value) (3.106).

P ac = Z s Ĩac ds = Z s  n Ĩn ac ds (3.105) Ĩn ac = P n ac Ṽ n = Z 0 (V n ) 2 ñ (3.106)
ñ is a unit vector of the particle velocity direction. Z 0 is the acoustic impedance, which equals 409.4 Pa s/m at the room temperature in the free space. Sound pressure P n ac is expressed as: P n ac = Z 0 Ṽ n . A strong advantage of the formulation is that the acoustic power is neither room-dependent nor distance-dependent.

In this work, the acoustic power is estimated using a fictive 3D structure extruded from the 2D simulation. The total surface can be computed, once the thickness of the transformer core is given. Out of plane component of the total strain e zz is obtained from the in-plane components (3.107). (n is the Poisson ratio.)

e zz = 1 2n 1 n e µ zz n 1 n (e xx + e yy ) (3.107)
From e zz , the movement in directionz of the computation area is obtained. The contribution of this surface is then added to get the total acoustic power.

Finite Element Modeling Chain

Summary of the assumptions and approximations

Although efforts are made to achieve an accurate numerical simulation, the modeling chain presented in this thesis uses several necessary assumptions and approximations whose objectives are mainly to reduce the computation time. Detailed explanations are given in the following chapters, while a summary of the assumptions is outlined as follows:

• Both magnetic resolution and mechanical feedback loop are carried out under quasistatic assumption.

• The entire modeling chain is carried out under 2D assumption by means of 2D finite element discretization.

• Layers are supposed to be thin enough and perfectly stacked together, leading to a homogenization law to deal with the 3D laminated structure in a 2D simulation.

• Magnetic hysteresis is not taken into consideration. Hysteresis effect is considered as a perspectives. Indeed, IMSM is too complex and needs further simplifications to be integrated into the FE modeling chain.

• Thermal aspects (especially associated with dilatation and stress) are not considered, so that the influences of the core loss and rising temperature on the material properties are not taken into consideration. (considered as perspectives)

• In order to reduce the size of the mesh, air-gaps between E-sheet and I-sheet are not considered. Thus, the E-I stacked core is mechanically equivalent to a '8' shaped core.

• The mechanical strength is supposed to be isotropic, defined only by Young's modulus and Poisson's ratio. The mechanical behavior is identical in all direction. (extension to the anisotropic situation is possible but not considered as crucial)

• Assumption of plane stress is applied for mechanical resolution.

• The damping coefficient is assumed to be a constant independent of the vibration frequency.

Conclusion

The detailed modeling chain is shown in Fig. 3.8. This gives the possibility to the computation of the deformation and noise emission of the power transformer and synchronous electrical motor, with the consideration of Maxwell force and magnetostriction. It is adapted to a various ferromagnetic materials with magnetic and magnetostrictive anisotropy and stress-dependency. Most importantly, it offers the possibility to optimize the material and structure combination. The finite element problems are solved using FreeFem++ [Hecht, 2012] including the SMSM as a dynamically linked and parallelized function.

Computation is processed on a personal computer of 8 cores with a 3.2GHz clock. In the following chapter, various measurements are carried out on prototypes and compared to the modeling results as a global validation of the modeling. 

Summary of the material-structure configurations

The validation of the FE modeling chain requires the numeric estimations to be compared to experiments carried out on a real transformer: a three-phase three-limb core is chosen as usually used for on board applications. Different geometries of core are considered (design and sheet positioning) to test the robustness of the modeling chain. As explained in section 1.1.2, the core is made from interleaved stacks of 'E-shaped' steel sheets capped with 'I-shaped' pieces. This solution allows a low cost manufacturing and winding facility, 'E-shaped' and 'I-shaped' sheets are cut along the rolling direction of the lamination. They are positioned alternatively on top or on bottom of the transformer in order to dilute parasitic air-gaps and limit their effect [Weiser et Pfützner, 1998].

Four different materials are studied in the vibration measurement, including Grainoriented (GO) FeSi, Non-oriented (NO) FeSi, FeNi Supra50, and FeCo Afk1. It is recalled that GO FeSi is famous for its high permeability and ultra-low magnetostriction in the rolling direction. In distribution power transformers, I-sheets are normally cut along RD to form the core. NO FeSi is probably the most common magnetic material in electrical machines. As it possesses relatively isotropic magnetic and magnetostrictive behavior, it is ideal for applications with rotational magnetization. FeNi Supra50 is a star product at Aperam Imphy. Its cubic texture design allows a theoretically low magnetostriction along RD and TD to be obtained. However, due to its high price and relatively low saturation magnetization, it is applied only for specific application. FeCo Afk1 is a material designed for high magnetization applications. A new forming process has recently been proposed by Aperam Imphy to use this material as a transformer core. Indeed, an ultra-low isotropic magnetostriction can be obtained over a large induction range. The ultra-low magnetostriction is discovered in strips directions. This might be the best candidate for low noise power transformer regardless of the price. Complementary studies are in progress to verify its performance in power transformer core. Table 4.1: List of material used in the experimental part and main characteristics A real power transformer core, more precisely E-I stacked core, is assembled from several hundred of electrical sheets. Fabrication of the power transformer prototype costs huge effort and money. Moreover, making experimental measurements on real power transformer necessitates large power supply, which is difficult to carry out in the laboratory. In this thesis, in order to validate the numerical simulation, simplified three-layer transformer core prototypes have been fabricated at LMT-Cachan, and experimental measurements have been carried out in the same condition. A precise description of the threelayer core is given in Section 4.3.

Material

Five different configurations of the three-layer core have been considered. They are shown in Fig. 4.1. Three-layer cores with configuration '8-x' and '8-y' are assembled by 8shaped non-cut sheets, with RD oriented in horizontal and vertical directions respectively. These two geometries allow the texture effect to be evaluated. Three-layer cores with configuration 'EI-x' and 'EI-y' are assembled by E-shaped and I-shaped sheets, whose first and last layer are identical, with the E-shaped sheet on the bottom and I-shaped sheet on the top. The middle layer has the E-shaped sheet on the top and I-shaped sheet on the bottom. Rolling direction of all sheets for the configuration 'EI-x' ('EI-y') are oriented horizontally (vertically). Although real power transformer cores are never designed in this way, the comparison between configuration '8-x' and 'EI-x' ('8-y' and 'EI-y') allows a better understanding of the influence of the air-gap on core vibration. Three-layer cores with configuration 'EI' is the standard configuration for EI-core, where E-sheets and Isheets are cut along RD to minimize the magnetostriction. TD respectively. This offers the Y -axis symmetry (X-axis is on the contrary not an axis of symmetry because upper and lower sections of the three-layer transformer exhibit two different volume fractions of 'E' and 'I' sheets, -i.e. f 1 6 = f 2 ), leading to some variations of the average behavior along the magnetic circuit and some in-plane dissymmetries of the structure. Such assembly is interesting because it leads to a heterogeneous situation, and allows to test the numerical model.

Three-layer prototype forms a sandwich-type structure: the layer in the middle is different from the layers on the boards. Compared to even-number-layer prototypes, threelayer prototype possesses a symmetry in the normal direction, which may be important. Indeed, this symmetry helps to reduce the out-of-plane displacements of the prototype. This point is essential to guarantee the accuracy of in-plane vibration measurements.

Preparation of the prototype

Unlike the real E-I stacked cores, where electrical sheets are usually assembled, welded, and clamped together, sheets of the three-layer core prototype are stuck together for simplicity. The fabrication process of this three-layer core prototype is briefly presented as follows: 1. Clean the surfaces of the electrical sheets with acetone.

(c) (b) (a)
2. Prepare and mix the glue epoxy ARALDITE 420A/B with pistol mixer until it's homogeneous.

3. Smear the glue on the electrical sheets of the bottom layer to get a uniform glue coating.

4. Put the sheets of the second layer on top of the bottom layer and then repeat step 3.

5. Put the sheets of the top layer on top of the second layer.

6. Adjust the position of the electrical sheets to minimize the air-gaps in the overlap region.

7. Apply a slight normal pressure to the sheet plane, in order to evacuate the extra glue and the air bubbles.

8. Clean and remove the extra glue. 9. Drying (24h).

10. Stick the strain gages on the point of measurements.

11. Add a 5-turn secondary coil to the central limb for the measurement of magnetic flux.

12. Add a 40-turn primary coil outside the secondary coil for electrical excitation.

Constitutive behavior identification 4.2.1 Experimental protocol

The measurement of the magnetic and magnetostrictive constitutive behavior are carried out using a set-up pre-developed at LMT-Cachan [Gourdin, 1998]. Samples are strips about 100mm long and 12mm wide (thickness depends on the material, about 0.2 to 0.5mm). They are placed between two 'U-shaped' yokes, forming a closed magnetic circuit. A N turns winding is fixed around the electrical sheet sample, creating a quasiuniform magnetic field. The magnetic field under the current I is computed with Ampere's circuit law, considering the magnetic field inside the yokes strongly negligible comparing to the field in the sample:

H = N • I L equi (4.1)
L equi is the equivalent length which equals approximately the length of the sample between the yokes. This length is adjusted after calibration using an H-coil. The measurement of the magnetic induction is carried out using a n turns B-coil:

B = 1 n • S Z v(t) dt (4.2)
where S is the section of the sample, and v(t) is induced voltage in the B-coil.

Local strain of the material is measured by the strain gauge. The strain gauge consists of an insulating flexible backing which supports a metallic foil pattern. The gauge is stuck to the surface of the core, the electrical resistance of the foil changes as it deforms. Although the strain gauge offers precise measurement and is easy to use, it is only used for static or low-frequency application because of its narrow bandwidth [START_REF] Hubert | Experimental analysis of the magnetoelastic anisotropy of a non-oriented silicon iron alloy[END_REF].

The set-up can be mounted inside an electro-hydraulic machine MTS, applying a tensile stress. This allows the study of the magnetic and magnetostrictive behavior of the material under stress. Here we take advantage of the previous measurement carried out by Z.Li at LMT-Cachan [Li, 2017]. The block diagram and photo of the whole set-up are given in Fig. 4.5. More details of experimental protocols and experimental set up are introduced in the thesis work of Rekik [Rekik, 2014].

The measurement of the magnetic and magnetostrictive behavior can be hysteretic and/or anhysteretic. Typical anhysteretic magnetic and magnetostrictive curves are constructed point by point, by applying an alternative magnetic excitation with decreasing amplitude around a DC component H an (illustrated in Fig.4.6). This allows the magnetic domain walls to be unpinned from the pinning site, leading the microstructure of the magnetic material to an equilibrium state and allowing the magnetization to reach its anhysteretic value denoted M an .

Anhysteretic behavior

Grain Oriented FeSi Grain Oriented (GO) FeSi, one of the most popular soft ferromagnetic materials, exhibits the so-called Goss texture ({110} < 001 > along RD). This leads to a quasi-single-crystal behavior. The texture of a standard industrial GO 3% silicon-iron lamination (Hi-B from Nippon Steel) is shown in Fig. 4.7 (left) and the corresponding pole figures are given in Fig. 4.7 (right) [Buvat, 2000]. Associated with this texture, it is well known that GO FeSi exhibits a strong anisotropic magnetic and magnetostrictive behavior [Hubert et Daniel, 2008].

Experimental measurements of the magnetization and magnetostrictive strain along RD and TD are reported in Fig. 4.8-4.9, illustrating the strong anisotropic behavior of this material. The magnetization reached at a magnetic field amplitude of 200A/m is about 40% higher along RD than along TD. Longitudinal and transversal strain measurements are shown in Fig. 4.9. When a magnetic field is applied along RD, a very low magnetostriction magnitude is highlighted. When a magnetic field is applied along TD, the longitudinal magnetostriction strain reaches 18ppm in the direction of the magnetic field and about 35ppm perpendicularly to the applied field. This anisotropy is explained by a much higher probability of the magnetic domains to be oriented along RD [Hubert et Daniel, 2008].

Non-oriented FeSi

Non-oriented (NO) FeSi is often used in the electrical devices, because of its low cost and relatively easy manufacturing process. Compared to GO FeSi, NO FeSi has a more complex texture characterized by a quasi isotropic distribution (isotropy is looked for). The texture of the NO FeSi obtained by Electron Backscatter Diffraction (EBSD) and the associated pole figures are shown in Fig. 4.10. This leads to a macroscopic magnetic and magnetostrictive behavior that should be much more isotropic (compared to GO FeSi) [Petrovic, 2010]. It must be noticed that the texture may evolve from one manufacturer to another and from one thickness to another at a same composition. All experimental characterizations from micrographs to vibration measurement have been made using the same FeSi NO20 material from arcelormittal.

The measurements of magnetization and magnetostriction along RD, 45 and TD are reported in Fig. 4.11 and Fig. 4.12. NO FeSi possess the highest magnetic permeability along RD and the lowest one at 45 from RD. The difference between the highest and lowest permeability is less than 20%. The saturation is reached at a magnetic field of 300A/m, with a difference between different directions lower than 20%. The magnetostriction is slightly anisotropic too: the longitudinal magnetostriction at saturation varies from 6ppm (TD) to 3.5ppm (45 ). 

FeNi Supra50

FeNi Supra50 is an iron-nickel alloy with a composition of 50% iron and 50% nickel. In terms of microstructure, FeNi Supra50 is a quasi-single-crystal exhibiting a cubic texture {001}<100> with axis <100> along RD and <010> along TD. This creates two easy axes in the sheet plane. The related poles figure is shown in Fig. 4.13.

The measurements of magnetization and magnetostrictive strain are carried out along different directions, RD, TD, and 45 , reported in Fig. 4.14-4.15. Along RD and TD, magnetic and magnetostrictive behavior are as expected: the magnetization reaches 1.2⇥ 10 6 A/m at H = 500A/m and the magnetostriction strain remains very low with a maximum of 2ppm for M = 1.5⇥10 6 A/m. The magnetostriction begins nevertheless to increase for magnetization higher than M = 1.5⇥10 6 A/m denoting the beginning of magnetization rotation mechanism. For the sample cut at 45 from RD, a small magnetostrictive strain is observed until the magnetization reaches 1.0⇥10 6 A/m, and reaches 23ppm at saturation, much higher than the other two directions. The magnetostriction strain increases up to 23ppm at the magnetization saturation (1.5⇥10 6 A/m). Indeed the magnetization rotation occurs at 45 from RD at a much smaller magnetic field level. The deformation appears finally strongly anisotropic for this material, in accordance with the cubic anisotropy observed by EBSD. The magnetostriction behaves opposite in the transverse direction compared to the longitudinal direction, highlighting the same anisotropy.

FeCo Afk1

FeCo Afk1 is an iron-cobalt alloy composed of 74.5% iron, 25% cobalt, and 0.5% chromium. Cobalt helps to increase the magnetization saturation. Chromium is able to increase the electrical resistivity, resulting in lower eddy currents. FeCo Afk1 exhibits the highest magnetization at saturation of all ferromagnetic materials (1.91⇥10 6 A/m). Because of its high magnetic saturation, FeCo Afk1 is ideal for high power density applications. However, the standard FeCo Afk1 exhibits at the same time very high magnetostriction, causing some vibration issue of the devices. Moreover, because of it's high price, this kind of alloy is usually used in small quantities.

An innovative fabrication process is developed and patented by Aperam S.A, using a special thermal treatment [START_REF] Waeckerle | Tôle ou bande en alliage feco ou fesi ou en fe et son procédé de fabrication, noyau magnétique de transformateur réalisé à partir d'elle et transformateur le comportant[END_REF]. This forms a bi-domain structure preferentially oriented in the sheet plane, without changing the chemical composition nor the texture. The corresponding texture and the pole figures are given in Fig. 4.16. Some typical magnetic and magnetostrictive behavior of this material [Savary et Hubert, 2017, Savary et al., 2018] is reported in Fig. 4.17-4.18. Similar magnetic and magnetostrictive behavior are observed along RD, TD, and at 45 from RD. The magnetostriction remains smaller than 1ppm until the magnetization reaches 10 6 A/m, that corresponds to a magnetic induction equals 1.5T . For higher magnetization, the longitudinal magnetostriction increases dramatically until reaching 15ppm. The difference of magnetostrictive strain between different directions is about 4ppm at the saturation. Although this material is still under development, it seems to be a good candidate for the low-noise power transformer, regardless of the price.

Pole figures reported in figure 4.16 show no preferential orientation in accordance with the apparent isotropic behavior of material. This crystallographic map is generally associated to non-oriented electrical steel which induces normally a quadratic shape of magnetostriction vs induction for this kind of material [START_REF] Hubert | A new experimental set-up for the characterisation of magneto-mechanical behaviour of materials submitted to biaxial stresses. application to fe-co alloys[END_REF]. The forming process developed at APERAM-IMPHY allows to avoid this behavior despite the isotropic grain distribution.

Parameter identification

In this subsection, RD is supposed in the direction of X in the sample frame (SF) for simplification. The artificial anisotropic energy W a an2 becomes eq.4.3, with the rotation matrix P shown in eq.4.4.

W a an2 = K 11 g 2 1 + K 12 g 2 2 + K 13 g 2 3 (4.3) P = 0 @ 1 0 0 0 1 0 0 0 1 1 A (4.4) 
In terms of constitutive behavior modeling via SMSM, the difference between the four different alloys mentioned above is the magneto-crystalline energy W a an1 (eq.2.26). The expression of this magneto-crystalline energy varies from one material to another, depending on their texture and anisotropy.

Identification process of SMSM parameters

The identification of the SMSM parameters is the most challenging part of this work. It necessitates a good understanding of both the material and the SMSM. A general process of parameters identification is given as follows, however, this process may vary from one material to another.

• The saturation magnetization M s is first fixed according to the measurement. This value may not necessarily be the real saturation magnetization at an extremely high magnetic field. Depending on the range of applied magnetic field, M s can be adjusted to better fit the magnetization curve.

• A s is then fixed according to the initial magnetic permeability. A higher magnetic permeability needs a higher A s . An optimization is nevertheless possible to account for the global magnetization and magnetostriction behavior.

• The magneto-crystalline energy W a an1 is described based on the texture. According to the orientation of the crystalline, magneto-crystalline tensor is re-oriented using the rotation matrix P . K 1 is a physical constant, which vary from material to material.

• Next, the artificial anisotropic energy W a an2 may have to be proposed and adjusted in the way to privilege some higher or lower domain family densities in the certain directions. This time K 11 , K 12 and K 13 control the energy in RD, TD and in the out of plane direction. The lower the energy is, the higher the magnetic domain density is, leading to a higher permeability in that direction compared to the others.

• Configuration energy W con f has similar effects as the artificial anisotropic energy.

It gives an initial configuration of the non-random distribution of the magnetic domains. Add more anisotropic energy in a given direction is equivalent to apply a compression stress in that direction (for a 'positive' magnetostrictive material), leading to a lower magnetic susceptibility and a higher magnetostriction amplitude in that direction.

• l 100 and l 111 are physical constants which can be found in the literature. Materials close to single crystals (strong texture) may be described by l 100 and l 111 identified for the single crystal. However, a simplification is possible to describe the quasiisotropic polycrystal, by artificially using l 100 = l 111 = l s and adjust l s to the measurement.

Grain Oriented FeSi

As GO FeSi possess a Goss texture, an example of the magneto-crystalline energy is given in eq.4.5, considering RD oriented in the direction X in SF. The related transformation matrix Q in accordance with the Goss texture is defined in 4.6. From eq.2.31, free magnetostriction strain of the GO FeSi (RD in direction X of SF) is deduced, reported in eq.4.7.

W a an1 = K 1 ✓ g 2 1 g 2 2 + g 2 1 g 2 3 + 1 4 (g 4 2 + g 4 3 ) 1 2 g 2 2 g 2 3 ◆ (4.5) Q = 0 @ 1 0 0 0 p 2/2 p 2/2 0 p 2/2 p 2/2 1 A (4.6) ✏ a µ = 3 2 0 @ l 100 g 2 1 1 3 p 2 l 111 (g 3 + g 2 ) g 1 p 2 l 111 (g 3 g 2 ) g 1 p 2 l 111 (g 3 + g 2 ) g 1 l 100 1 2 (g 2 2 + g 2 3 ) 2 1 3 1 2 l 111 (g 3 g 2 ) (g 3 + g 2 ) p 2 l 111 (g 3 g 2 ) g 1 1 2 l 111 (g 3 g 2 ) (g 3 + g 2 ) l 100 1 2 (g 2 2 g 2 3 ) 2 1 3 1 A (4.
7) Several physical constants from literature and two optimized parameters A s and C used for the modeling are given in Table 4.3 (for the configuration energy associated with the demagnetizing surface effect). Optimization of A s and C parameters is performed thanks to the minimization of a quadratic function, using differences between experimental and modeled magnetization and magnetostriction (least square method). The two magnetostrictive constants l 100 and l 111 are the real constants of the single crystal.

Comparisons between SMSM and experimental measurement are plotted in Fig. 4.19-4.20. Very good agreements with experimental results are obtained allowing a great confidence to use this simplified model as the constitutive behavior in the numerical calculation of the transformer structure. 4.20: GO FeSi: Comparison between SMSM results (dots) and experimental measurement (lines) [Hubert et Daniel, 2008] -anhysteretic magnetostriction curves.

Non-oriented FeSi

The modeling of this kind of material is more difficult, because of its complex texture. Both magneto-crystalline energy W a an1 , artificial anisotropic energy W a an2 and configuration energy are engaged to describe correctly the macroscopic anisotropy.

As shown in Fig. 4.21, the permeability along RD is slightly higher than along TD. This means that the initial distribution of magnetic domains is more concentrated along RD than along TD. In order to reproduce the initial distribution of the magnetic domains, a configuration energy is applied, using a tensile pre-stress of 8MPa along RD. As sheets are very thin, demagnetization energy forces magnetic domains to stay in the plane. This leads to a positive value of K 13 , defined in artificial anisotropic energy W a an2 (representative of the so-called demagnetizing surface effect [Hubert et Daniel, 2008]). Next step comes to the description of the behavior along the direction at 45 from RD. As shown in Fig. 4.21, the permeability along the 45 direction is lower than that along TD. The anisotropic energy in this direction should be higher than in TD. We use here a cubic like formulation for the magneto-crystalline energy W a an1 with negative K 1 , rotated at 45 in the sheet plane (eq.4.8). Corresponding rotation matrix Q is given in eq.4.9. Free magnetostriction strain of the NO FeSi is given in eq.4.10, with l 100 = l 111 . All parameters used in SMSM for NO FeSi are summarized in Table 4.3.

W a an1 = K 1 ✓ g 2 1 g 2 3 + g 2 2 g 2 3 + 1 4 (g 4 1 + g 4 2 ) 1 2 g 2 1 g 2 2 ◆ (4.8) Q = 0 @ p 2/2 p 2/2 0 p 2/2 p 2/2 0 0 0 1 1 A (4.9) ✏ a µ = 3 2 0 @ l 100 (g 2 1 1 3 ) l 111 g 1 g 2 l 111 g 1 g 3 l 111 g 1 g 2 l 100 (g 2 2 1 3 ) l 111 g 2 g 3 l 111 g 1 g 3 l 111 g 2 g 3 l 100 (g 2 3 1 3 ) 1 A (4.10) 
Comparisons between SMSM and measurement of magnetic and magnetostrictive behaviors are shown in Fig. 4.21-4.21. A general good agreement is observed and anisotropies are well reproduced. However, the magnetostrictive strain at saturation is not accurate. The rotation of the magnetostriction at saturation is not represented by SMSM. Indeed the SMSM is a simplified version of MSM, where only an equivalent single crystal is considered. The decrease of magnetostriction at high field is due to a combination of magnetization rotation and anisotropic magnetostrictive constants. Reproducing this effect with a SMSM would require to identify two equivalent magnetostrictive constants instead of one.

FeNi Supra50

Modeling of the magnetic and magnetostrictive behavior of FeNi Supra50 is relatively easy, because of its regular texture. It is a quasi-single-crystal with axis <100> along RD and <010> along TD. Obviously a first order cubic anisotropy is used for the magnetocrystalline energy and the magnetostriction tensor. The corresponding magneto-crystalline energy and related rotation matrix are given in eq. 4.11 and eq.4.12. The magnetostrictive strain is given by eq.4.13. 

W a an1 = K 1 g 2 1 g 2 2 + g 2 1 g 2 3 + g 2 2 g 2 3 (4.11) Q = 0 @ 1 0 0 0 1 0 0 0 1 1 A (4.
✏ a µ = 3 2 0 @ l 100 (g 2 1 1 3 ) l 111 g 1 g 2 l 111 g 1 g 3 l 111 g 1 g 2 l 100 (g 2 2 1
3 ) l 111 g 2 g 3 l 111 g 1 g 3 l 111 g 2 g 3 l 100 (g 2 3 1

3

) 1 A (4.13)
This classic strategy is not enough to correctly describe the behavior of FeNi Supra50. As the SMSM is based on a cubic texture, the magnetostriction strain along RD and TD are quadratic curves. In order to reproduce the ultra-low magnetostriction along RD and TD, a hypothesis is made: the origin of the low magnetostriction comes from the orientation of the domains dictated by the demagnetization effect. This structure-related effect influences the local magnetic and magnetostrictive behavior. A configuration energy as a function of the structure is added to the total internal energy, where the domains are oriented by the structure along the boundary. In the case of a power transformer where the direction of the magnetic field is generally along the boundary of the sheets, this structuredependent configuration energy can be simply described as a function of the direction of the magnetic field. This structure configuration energy (defined in eq.4.14) is recalled here:

W a struc = C | ~ga • h| (4.14)
The comparison between SMSM and experimental measurement of magnetic and magnetostrictive behaviors are shown in Fig. 4.23-4.24. A good agreement is observed as expected. With the help of the structure energy, the SMSM reproduces correctly the ultra-low magnetostriction along RD and TD. At 45 from RD, the magnetostrictive strain remains less than 1ppm and increases up to 23ppm at saturation. In terms of finite element implementation, some numerical difficulties are observed: anisotropy is partially given by the direction of applied field. The numerical convergence is strongly braked to avoid numerical instabilities.

FeCo Afk1

As explained in the paragraphs dedicated to the presentation of materials behavior, the low magnetostriction magnitude of FeCo AFK1 over a wide induction range seems to indicate that the magnetization mainly proceeds with 180 domains wall displacement. The magnetization rotation at higher induction (in accordance with the high magnetocrystalline constant K 1 for this material) would lead to a strong second step (and more classical) increasing of magnetostriction. On the other hand, due to a high demagnetizing surface effect, the bi-domains direction is oriented along the < 100 > axis the closest to the sheet plane. As shown by Savary [START_REF] Savary | Magnetostrictive and magnetic effects in fe-27%co laminations (submitted)[END_REF], a multiscale approach close to the MSM is able to reproduce the complex magnetomechanical behavior of this material (see Fig.4.25). It is possible to propose a simplified approach by considering the material as a 2D uniaxial anisotropic material (simulating the in-plane bi-domain structure) disoriented from an initial angle y from the direction of the applied field h.

Uniaxial anisotropy energy field along axis-X in SF is usually given by: When this is oriented along the direction of the applied field, this expression in a 2D plane (g 3 = 0) becomes:

W a an2 = K 11 g 2
W a an2 = K 11 g 2 1 h 2 1 + g 2 2 h 2 2
+ 2g 1 g 2 h 1 h 2 where h 1 and h 2 are the direction cosine of the applied field direction in the SF. When a disorientation angle y from the applied field direction h is considered, the anisotropy energy becomes:

W a an2 = K 11 g 2 1 (h y 1 ) 2 + g 2 2 (h y 2 ) 2 + 2g 1 g 2 h y 1 h y 2
where h y 1 and h y 2 are the direction cosine of the applied field direction disoriented an angle of y in the 2D plane in the SF. They are expressed as follows:

h y 1 = h 1 cos(y) + h 2 sin(y) h y 2 = h 1 cos(y) h 2 sin(y)
Using a high value for K 11 the SMSM separates practically the equivalent singlecrystal into two main opposite domain families. The rotation matrix Q and the magnetostriction tensor of the single crystal are for the same reason given by:

Q = 0 @ cos(h + y) sin(h + y) 0 sin(h + y) cos(h + y) 0 0 0 1 1 A
where h is the angle of the applied field in the SF.

✏ a µ = 3 2 0 @ l 100 (g 2 1 1 3 ) l 111 g 1 g 2 l 111 g 1 g 3 l 111 g 1 g 2 l 100 (g 2 2 1
3 ) l 111 g 2 g 3 l 111 g 1 g 3 l 111 g 2 g 3 l 100 (g 2 3 1

3

) 1 A (4.15)
The constants used for the modeling are the physical constants of the material except for l 100 , l 111 and y angle that must be accurately optimized (l 100 = l 111 = l s ). It is fixed at y = 30 that allows acceptable accordance between experiments and modeling to be obtained as illustrated in Fig. 4.26-4.27. In the finite element implementation, we meet here a harder numerical difficulty than for FeNi material: anisotropy is fully (partially in case of FeNi) given by the direction of the applied field and not by a global reference vector. The problem of numerical instabilities is not totally solved at this moment. 

Summary

SMSM generally achieves to represent the magnetic and magnetostrictive behavior of the studied materials with good agreement. For materials such as GO FeSi, FeNi Supra50 and FeCo Afk1, the excellent prediction of SMSM should be highlighted. For more materials such as NO FeSi, SMSM gives an acceptable prediction at low fields but usually fails at high field when the magnetization rotation occurs. Consequently, structure modeling at low field may lead to more accurate results than when local saturation is reached. This is due to the simplification made in SMSM, which does not take into consideration the magnetic domain rotation. Parameters used in SMSM for all studied materials are summarized in Table 4.3. 

Behavior under stress

The magnetic and magnetostrictive behavior depends on the mechanical stress applied to the material. In this subsection, numerical simulations are carried out under various mechanical loadings (tension and compression) for all materials using SMSM. Simulated magnetization and longitudinal magnetostriction curves in certain directions are chosen to illustrate the capability and potential of the SMSM, for the prediction of the behavior under stress, shown in Fig. 4.28-4.31. The application of an external stress modifies the internal energy of the material, leading to a redistribution of the magnetic domain. When a tensile stress is applied along certain directions, the internal energy decreases. This allows a larger portion of magnetic domains to be oriented in this direction, which increases the magnetic permeability and decreases the magnetostriction. When a compression stress is applied, the SMSM behaves in the opposite way.

By the use of the setup and method presented in section 4.2.1, experimental measurements have been carried out in LMT-Cachan by other researchers on the following mate-rials: GO FeSi [START_REF] Rizzo | Magnetic and magnetostrictive behavior of iron-silicon single crystals under uniaxial stress[END_REF], NO FeSi [Li, 2017], FeNi Supra50 [Cetin, 2014, Li, 2017], and FeCo Afk1 [Li, 2017]. Qualitative agreements between the experimental measurements and the SMSM simulation are achieved. Model adjustments are still under work for the purposes of quantitative comparison. 

Static structural behavior

Static measurement of a transformer core is carried out to study the anhysteretic material behavior combined with the structure effect. Although power transformers never work under this condition, it is important to measure the local strain of transformer core to validate both material model and the structural computation. 

Experimental protocol

The central coil is fed with excitation current, creating the magnetic field inside the core. Strain gauges are stuck on several measuring points for local strain measurements. A typical anhysteretic procedure is then applied. The experimental set up shares the same control unit, power supply, and measurement equipment as the one used for magnetic and magnetostrictive constitutive behavior characterization. 

Measurement/simulation comparison

Measurement of anhysteretic behavior is carried out on three-layer cores. These threelayer cores are made of NO FeSi, FeNi Supra50, and FeCo Afk1. A precise description of the three-layer core is given in Section 4.1. Numerical simulations are carried out under the same condition as the experimental ones. Comparisons are then possible between the experimental measurements and the numerical simulations.

Non-oriented FeSi

A three-layer NO FeSi core with configuration '8-y' is used for the measurements. The local magnetostriction strain obtained on this core during the anhysteretic procedure is shown in Fig. 4.33(a). The longitudinal (transversal) strain at the three measured points is positive (negative). According to the material behavior measured on the strips, the magnetostrictive strain along RD is smaller that the strain along TD. However, the magnetostrictive strain at point P1 (magnetic field along RD) is greater than the strain at P2 (magnetic field along TD) and P3 (magnetic field applied at 45 from RD). This can be explained by the fact that the excitation coil is positioned around the central limb, so that the magnetic field amplitude at P2 and P3 is always half of the magnetic field amplitude at P1. It must also be noticed that the so-called 'rotation' of the magnetostriction is found at P1, where magnetostriction increases at low excitation current and decreases at high excitation current.

Numerical simulation is carried out under the same condition. Longitudinal and transversal magnetostrictive strain is plotted as a function of the excitation current is shown in Fig. 4.33(b), using the same scale as the measurement. Similar to the measurement, the simulated magnetostriction increases rapidly as the excitation current increases till 50 Ampere-turns(At). The magnetostriction then becomes stable when the central limb reaches the saturation. As the SMSM is not able to reproduce the 'rotation' of the magnetostriction strain, the simulated magnetostriction on the transformer core does not decrease at the saturation. The amplitudes of the magnetostriction at P1 and P2 show good agreement between the measurement and the simulation. However, unlike the measurement, the simulated magnetostriction at P3 remains nearly zero. This is probably due to the difference between the measurement of a 3D (even thin) structure and a 2D plane stress simulation. In the 2D structural simulation, the positive longitudinal magnetostrictive strain is compensated by the induced stress at P3. While in the measurement, the three-layer core has some out-of-plane flexibility and a out-plane stress state can be created between sheets. 

FeNi Supra50

A three-layer FeNi Supra50 core with configuration '8-y' is used for the measurements. The local magnetostriction strain obtained on this core during the anhysteretic procedure is shown in Fig. 4.34(a). The amplitude of magnetostriction measured at the three points is less than ±1ppm, in accordance with the magnetostriction measured on the strips. Although the magnetostriction rises rapidly near saturation when the magnetic field is applied at 45 from RD, the magnetic field at P3 (magnetic field at 45 from RD) is half the magnetic field amplitude at P1, so that the magnetization at P3 never reaches its saturation and the magnetostriction always remains small. Numerical simulation is carried out under the same condition. Magnetostrictive strain as a function of the excitation current is shown in Fig. 4.34(b), using a different scale. The simulation gives the same order of the magnetostriction amplitude than the experiment (i.e. P1>P2>P3). However, the amplitude of the magnetostriction in the simulation is less than ±0.5ppm. The difference between the experimental measurement and the numerical simulation can be explained in two points. On one hand, the magnetostriction strain on FeNi core is very small, which almost reach the limit of the strain gauge resolution and introduce strong measurement errors. On the other hand, some additional shape effects of FeNi might be presented in this complex core structure (e.g. does the domain structure in the corner remain parallel to the applied field?). 

FeCo Afk1

A three-layer FeCo B Afk1 core with configuration 'EI-y' is used for the measurements.

The local magnetostriction strain obtained by the anhysteretic procedure shown in Fig. 4.35(a). The magnetostriction at P2 and P3 is less than ±2ppm. At P1, the magnetostriction strain rises linearly as the excitation current increases. It reaches ±15ppm at a 250 Amperturns(At) excitation current. Unlike the behavior measured on the strips where magnetostriction remains very small till the magnetization reaches 10 6 A/m, the structural magnetostrictive behavior is more close to the FeCo A Afk1. Some investigations show that the heat treatment of E and I sheets may be the origin of the discrepancies. Indeed, E and I sheets have been annealed at the appropriate temperature (see §4.2.3 to appreciate this point) but stacked together (hundred of sheets), while strips had been annealed one by one. The stacking is well known to reduce the demagnetizing surface effect. The consequence is a strong decrease of the in-plane bi-domain selection and so an increase of magnetostriction strain amplitude.

Numerical simulation has been carried out using a SMSM identified by FeCo A Afk1, with the modification of parameter l 100 = l 111 = 40ppm, K 11 = K 13 = 0 and M s = 1.6⇥10 6 A/m. Magnetostrictive strain as a function of the excitation current is shown in Fig. 4.35(b). The simulation gives the same order of the magnetostriction amplitude than the experiment (i.e. P1>P2>P3). Although the simulation tends to overestimate the magnetostriction in P2, general good agreements are observed between the experimental measurements and numerical simulation. This verifies the assumptions that the structural magnetostriction of the core is similar to the magnetostrictive behavior of FeCo A Afk1. 

Conclusion

Four different iron-based electrical sheets are introduced in this chapter. Detailed explanations are given from microscopic energy descriptions to the macroscopic behaviors. This is followed by the parameter identification of SMSM, allowing the SMSM adapted to each material under study to be defined. Good agreements of the magnetic and magnetostrictive behavior between the measurements and the modeling are highlighted. The ability of SMSM to model the magnetostrictive behavior under stress has also been illustrated, while quantitative identifications are still missing at this stage. Static measurements of a transformer core have also been carried out to study the anhysteretic material behavior combined with the structure effect. Comparisons between the measurements and simulations show good agreements, allowing the validation of both simulation chain and SMSM. 

Local vibration measurement

Vibration can be measured in terms of displacement, velocity, and acceleration. The measurement of velocity can be made using a laser doppler vibrometer, which is the most accurate, wide-frequency-range, and non-intrusive method. This technique, however, is very expensive and takes a lot effort for the mounting and adjustment. In this thesis, we choose piezoelectric accelerometers (Bruel & Kjaer -type 4519) to measure the local acceleration of the core prototype. These single channel, low weight (1.5g) piezoelectric accelerometers have a frequency range up to 20kHz. As an adhesive mounting is used, the positioning and manipulation of the accelerometers are easy.

As shown in Fig. 5.2, the central point of the transformer is set as a reference point to correct rigid body displacements. An average operation has been made among some measuring points (points 3-5 and 4-6) thanks to the Y -axis symmetry to remove the rigid body in-plane rotation. Typically, at points 3 and 5 (the same for points 4 and 6), the common mode of displacements in direction Y and differential mode of displacements in direction X are drawn from this operation. Low-frequency perturbations (associated to rigid body movements) have been removed by signal post-processing using a low-pass filtering. Once the acceleration of the chosen points are measured, corrected, and filtered, associated velocity and displacement are obtained by integration. The instant velocity v(t) and displacement d(t) are given by eq.5.1-5.2.

v(t) = Z a(t)dt + c 1 (5.1) d(t) = ZZ a(t)dt + c 1 t + c 2 (5.2)
where c 1 and c 2 are two unknown constants. c 1 can be set to make the average velocity null. However, it is difficult to compute or measure the constant c 2 . In this measurement, we suppose that the displacement of all area on the three-layer core is zero when the excitation current is set at zero. This is not true because the displacement is known for a constant, only variations are really significant. Constant c 2 can be adjusted a posteriori after a comparison to experimental data. 

Global noise measurement

There are several international standards for the measurement of sound level, such as IEC 60551:1993 and IEC 60076-10. To follow these standards, the measurement has to be carried out in an anechoic chamber whose ceiling and walls are covered by a highly absorptive material to eliminate reflections. Moreover, an array of microphones is often positioned around the measured object. The signal processing is normally achieved by a professional software.

As the measurement of the noise is not essential in this study and only relative comparisons have been investigated, we have not invested in a professional equipment nor an anechoic chamber. Our measurements are carried out using one sonometer, type 01dB fusion. This sonometer comes with a microphone (40CE GRAS) and a built-in preamplifier. It is placed in at the level of three-layer transformer core, 3cm away from it for each test to get a comparable measurement. Measurements are carried out at night in order to be less influenced by background noise.

Measurement/simulation comparison

The validation of the modeling chain is an important step in this thesis. Both numerical simulations and experimental measurements are carried out on a three-layer EI-core. Three-layer EI-cores are especially chosen to test the homogenization rule in the modeling chain. Numerical simulations are achieved under the same condition as the experimental measurements.

GO FeSi EI-core

GO FeSi is processed in such a way that it offers better magnetic properties in its easy magnetization direction (RD), due to a dominant quantity of domains oriented along this direction because of its very strong anisotropic behavior. On one hand, this material is the best example to verify the homogenization law and the correct implementation of the SMSM in the modeling chain. On the other hand, it may be a good candidate for this transformer application if the advantages brought by the RD are higher than the drawbacks brought by the TD.

A 400Hz sinusoidal excitation current of 200At is injected in the central coil. Displacements within one period of the injection current are shown in Fig. 5.3 (it must be noticed that the four sub-figures are plotted using the same scale and that results reported are averaging results over five periods), with full lines representing the measured displacement and dotted lines representing the simulated displacement. For better readibility, displacements along X and Y directions are presented separately in red and blue. We observe that the vibration frequency is two times higher than the current frequency in accordance with the even variation of magnetostriction strain with magnetization. The displacement along Y axis of point 2 that is positioned at the corner above the reference point exhibits the highest magnitude. Its displacement along X axis is much lower in accordance with theory (theoretically null due to Y -axis symmetry). A double fundamental frequency of mechanical vibration (1600Hz) occurs in this signal (red line) that may be associated to a non-perfect symmetry of the transformer amplified by some resonance phenomenon. The X axis displacements of points 3 and 4 are clearly not the same underlining the dissymmetry of anisotropy axis distribution in the transformer. This may also be the reason why displacements of points 3 and 4 along axis Y are not opposite. The numerical results reported in the same figures allow the main experimental trends to be predicted. A good agreement between measurements and simulation is obtained for the displacement period and the order of magnitude. The numerical model accurately predicts displacements along Y direction better than along X direction: point 2 displacement should be theoretically null as already underlined; the simulated and experimental displacement of point 3 along X are of opposite sign. A modal analysis has been carried out for the entire structure 'E+I' and for I-sheet and E-sheet separately. The main vibration modes of the structure are presented in Table 5.1. Mode 2 corresponding to 1515Hz frequency for sheet 'E' is plotted in Appendix A. This mode could be associated with the unexpected measured displacement along X-axis at the point 2. Indeed such variations cannot be given by the model since the parasite air-gap is not considered. It can be noticed on the other hand that the measured displacement along Y direction at point 3 is larger than predicted displacement. This can be explained by the existing air-gaps, that are not considered in the present model. Indeed air-gaps weaken the mechanical stiffness along the Y direction. Another significant discrepancy concerns the sharpness of modeling comparing to experiments: displacement rates are clearly overestimated by the modeling. This discrepancy is associated to the anhysteretic character of the modeling. Experiments are hysteretic and obtained at 400Hz frequency. Dissipative phenomena, characterized by a delay between magnetic field and magnetic induction, do influence global rates and especially displacement rates. Despite these defects, the results presented above constitute a significant advance in the field. A complete modeling involving hysteretic behavior may be required to improve further the prediction of vibrations. Comparison between FeCo Afk1, NO FeSi and FeNi Supra50

Measurements are carried out on three-layer EI-cores in Format-B, made of different materials including FeCo Afk1, NO FeSi, and FeNi Supra50. All measurements are carried out under the same condition: 400Hz electrical voltage excitation in the central limb.

Sinusoidal voltage electrical excitation creates a quasi-sinusoidal magnetic flux in the central limb. The magnetic flux is measured by a secondary coil positioned in the central limb. Due to the nonlinearity of the magnetic permeability, the current in the primary coil exhibits certainly some distortions and harmonics. Fig. 5.4(a) and Fig. 5.4(b) show respectively the measured (left figures) amplitude and the total harmonic distortion (THD) of the current in the central coil as a function of the amplitude of magnetic induction. The THD describing the harmonic distortion is defined as the ratio of the sum of the amplitude of all harmonic components to the amplitude of the fundamental frequency:

T HD = q I 2 2nd + I 2 3rd + I 2 4th + ... I 1st (5.3) THD tends to zero when the signal is perfectly sinusoidal. For all three tested threelayer EI-cores, the amplitude and THD of the current increase with increasing amplitude of magnetic induction. The three-layer EI-core made of FeCo Afk1 exhibits the highest saturation level and the lowest current harmonic distortion. Meanwhile, FeCo Afk1 leads to the highest magnetization current because of its relatively low magnetic permeability (compared to the others). Remark: this fact is another element that confirms a probable mistake during the heat treatment of E and I sheets. The permeability of strips (in FeCo B Afk1) exhibited on the contrary a high permeability level.

Numerical simulations are carried out under the same conditions using the imposed magnetic flux method introduced in §3. the simulated and measured results are plotted using the same scale. It is highlighted that the numerical simulation gives a relatively accurate prediction of the excitation current amplitude and THD for the NO FeSi core, while the current amplitude and THD are underestimated for the FeCo Afk1 and FeNi Supra50 cores. This is probably due to the inaccurate setting of the initial permeability in SMSM for these two materials. Indeed, optimization of both magnetization and magnetostriction is not perfect. For these two materials, an acceptable magnetostriction modeling is obtained by sacrificing the initial slope of the magnetization curve. As the initial permeabilities of FeCo Afk1 and FeNi Supra50 are lower in the simulation, the computed excitation currents are smaller as a consequence when magnetic flux is imposed.

Vibration measurements are carried out at the same time. Fig. 5.5 gives the amplitude of relative displacement between different measuring points. Similar to the measured static structural behavior, FeCo Afk1 three-layer core exhibits the largest displacement between different pairs of points, while the FeNi exhibits the smallest. The amplitude of the displacement for NO FeSi and FeNi Supra50 increases when magnetic induction increases in the central limb. The existence of an inflection for the FeCo Afk1 should be highlighted. A local minimum of the displacement is located at about B = 1.5T in the central limb. No clear explanation is available at present for this reduction in the displacement amplitude. The amplitude of the displacement is mainly related to the fundamental frequency of the vibration (800Hz), while the noise emission is largely associated with the higher order harmonics. However, a power transformer which generates less displacement on its board is still beneficial, because the mechanical power transmitted from the power transformer to the fixing parts is lower. Therefore, the local minimum discovered on FeCo Afk1 may be interesting to be set as an operating point.

Dynamic behavior of the transformer core is also computed by numerical simulations, as shown in Fig. 5.5. The results of measured and simulated displacement are plotted using the same scale. Unsurprisingly, the numerical simulation using a behavior of FeCo A Afk1 shows that the displacement is monotonically increasing as a function of excitation current. Unlike the static local magnetostriction, numerical simulation tends to underestimate the dynamic behavior (vibration) of the power transformer. This may be related to the hysteresis effect which is not taken into consideration in the simulation. Overall, the numerical simulation gives a relatively good prediction for all three materials. Fig. 5.6 gives the measured noise level and simulated acoustic power as a function of magnetic induction in the central limb for all three materials. As the noise level and the acoustic power are not really comparable, the simulated acoustic power is given here as a complementary information. As no anechoic chamber is available, the ambient noise reaches 40dB. A general agreement is observed between the noise level and the relative displacement. However, two differences have to be underlined. They are listed below:

• Unlike the previous experiment, where NO FeSi displacement is clearly about two times greater than FeNi Supra50 displacement, the noise level of NO FeSi and FeNi Supra50 cores is very close to each other. The difference between the noise level and the relative displacement can be explained in many ways. The measured noise level has different contributions including the inplane core vibration, out-of-plane core vibration, vibration at the core joints (air-gaps), background noise, and coil noise. Moreover, the noise level is directly related to the outer surface velocity of the core, which has a spectrum composition different from the relative displacement spectrum composition. Further studies of noise emission in the frequency domain have also been carried out. Fig. 5.7 shows the frequency spectrum of noise level for the three-layer EI cores. The red line gives the outline of the background noise. Magnetic induction for all tested cores is set at about B = 1.4T . It is clear that the noise emission is mainly related to the highfrequency harmonics. A large portion of noise emission is found beyond 3kHz for all tested cores. One big contribution of the component at 800Hz (fundamental harmonic of the vibration/magnetostriction) is observed with the three-layer core made of FeCo Afk1 and NO FeSi, but this component has no contribution in the FeNi Supra50 noise. The noise of the FeNi Supra50 core is consequently not related to the first order magnetostriction, but related to the higher order magnetostriction, appearing for example near the magnetic saturation in the limbs or at lower induction in the corner of the core where the magnetic flux lies at 45 from RD. Fig. 5.8 shows the frequency spectrum of the relative displacement and velocity between two measuring points in the FeCo Afk1 three-layer EI core, under various magnetic induction levels. From the spectrum of relative displacement, the fundamental harmonic at 800Hz is discovered as the dominant component. In terms of velocity spectrum, contributions of higher order harmonics within 4kHz are observed. EI-cores are assembled with hundreds of E-sheets and I-sheets. This leads to air-gaps at the junction region. Considering the complexity of this region, the study of the airgap influence in overlap regions by numeric simulation seems difficult and inaccurate. A series of measurements on the three-layer core with and without air-gap are prepared and tested, to appreciate the influence of the air-gap on the EI core noise emission.

Noise and vibration measurements are carried out on the three-layer cores made of NO FeSi, assembled following the five different configurations listed in Fig. 4.1. The RD of all electrical sheets of configuration 'EI-x' and '8-x' ('EI-y' and '8-y') are oriented horizontally (vertically). The only difference between 'EI-x' and '8-x' ('EI-y' and '8-y') is the existence of air-gap on 'EI-x' ('EI-y'). Comparison between configuration ' allows the influence of the air-gap on the core noise and vibration to be studied. Fig. 5.9 gives the noise level of these five configurations at two different magnetization levels. As expected, the standard configuration 'EI' emits the lowest noise level. However, configuration 'EI-x' ('EI-y') leads to a lower noise level than '8-x' (8-y), leading to an opposite conclusion that the noise level on the configuration with air-gap is lower than that without air-gap.

In terms of magnetic behavior, the air-gap increases the reluctance, creates magnetic flux leakage, and possibly disorients the magnetic flux from one layer to another. In terms of mechanical behavior, this air-gap weakens the global stiffness of the core that enhances the low frequency magnetic deformations and reduces the high frequency components. It is consequently possible that air-gap introduces a mechanical relaxation effect, which reduces the total noise and vibration of the core. Another observation is that the configuration '8-x' emits a lower noise than '8-y', while configurations 'EI-x' and 'EI-y' give similar results. It is extremely difficult to give a precise analysis of these results because of the competitive and sometimes opposite effects of structure, non-monotonous magnetostriction, and the interaction between magnetic force and magnetostriction. A more precise analysis would require a full 3D numerical analysis of the problem. Fig. 5.10 gives finally the amplitude of relative displacement of the five configurations at different positions. A general agreement between the relative displacement and the noise level is observed. It is important to recall that the noise is not only due to the core displacement, but also to excitation coils. It can be supposed that the latter contributions are relatively the same for all configurations.

Simulation and optimization of three-phase power transformer

Coils are fed with a sinusoidal current. The discrete-time expression of current function is given hereafter: where I max is the current amplitude, K is the total number of steps in one period, and k represents the time index integer (k 2 [1..K]). The mesh used is made of triangular T3 elements. Regions where saturation appears have been refined leading to a total number of elements of 5046. Moreover the mechanical behavior is considered isotropic and homogeneous (extension to anisotropic elastic behavior is possible). Some complementary numerical and physical parameters used in the modeling are gathered in table 5 In this section, numeric simulation is carried out to estimate the behavior of a real GO FeSi EI-core (in Format-A) with hundreds of layers. This leads to an equal volume fraction of layer family 1 and 2 equal to each other ( f 1 = f 2 = 0.5), with its reference dimensions 213mm⇥202mm. A 40mm transformer core thickness is supposed for the computation of the acoustic power at the border. All three phases are excited by sinusoidal magnetic flux, with a phase-shift of 2p 3 from each other. The working frequency is set at 400Hz, which is a good balance between the power efficiency and the power density of onboard electrical transmission system. Current in each phase is then computed as a result of the magnetic resolution.

I(k) = I max cos ✓ 2pk K ◆ ( 5 

Numerical simulation

Fig. 5.11 shows the current in the three phases as function of time for a magnetic flux excitation corresponding to a maximal induction of B max = 1.2T . The displacement field is shown in Fig. 5.12 at instants t 1 and t 2 (indicated in Fig. 5.11) as examples. t 1 is the initial computation step, t 2 corresponds to 1 8 period. The deformed core shape is shown with a scale factor of 20000 for better visibility.

The constitutive behavior of materials is fully coupled. It means that some stress fields do exist and that they influence the overall behavior of the structure. Stress components of layer family 1 ( 1xx , 1yy and 1xy ) and layer family 2 ( 2xx , 2yy and 2xy ) are shown respectively in Fig. 5.13 and Fig. 5.14. In this example, they are given at instant t 2 . We observe first that the stress levels reached for the two layer families are the same but extremal values are positioned symmetrically with respect to the x axis. Indeed the two-layer families are geometrically symmetric with respect to this axis and they are considered at the same volume fraction for the calculation. We observe secondly that the stress level is relatively small in most of the areas except for some specific regions:

1. regions of connections between the 'E-shaped' and 'I-shaped' sheets present some stress concentrations especially for components 1xx and 2xx (up to 1.3MPa). These stress concentrations are associated with the 90 degrees rotation of the easy direction, creating large magnetostriction variations.

2. some parts of the yokes undergo homogeneous stress along Y direction ( 1yy and 2yy ) reaching about 2.4MPa of magnitude. These stresses are due to the difference in magneto-mechanical properties between TD and RD layers deposited alternately.

3. shear stresses are especially significant at the internal corners of the structure (reaching ±0.3MPa).

It must be, on the other hand, underlined that this stress distribution is changing during an excitation period. Plots are given at time t 2 and are different at other times. Moreover even if the stress level is not high, previous works have demonstrated that the magnetic and magnetostrictive behavior of GO materials are strongly stress sensitive even at a low level [START_REF] Rizzo | Magnetic and magnetostrictive behavior of iron-silicon single crystals under uniaxial stress[END_REF]. The shear stress concentration at the internal corners could finally have a significant effect because it is positioned where the highest values of the magnetic flux densities are located. The numerical calculation will allow the global effect of stress to be appreciated. It must be noticed that the calculation of a magneto-mechanical equivalent stress would be possible following [Hubert et Daniel, 2011] in order to appreciate the global effect of the stress field without any huge numerical implementation. The root mean square (RMS) of the current in phase 1, 2 and 3 is respectively 7.98, 4.29 and 7.98 Ampere-turn, under no-load condition. This current is non-balanced be-cause the magnetic reluctance in each phase is different from each other. Average RMS of three phases is 6.97 Ampere-turn, defined as I RMS(avg) = q (I 2 RMS1 + I 2 RMS2 + I 2 RMS3 )/3 which directly relates to energy loss by Joule effect. The shape of the current is deformed comparing to an ideal sinusoidal form. This is due to the non-linear permeability. THD of phases 1st, 2nd and 3rd are respectively 10%, 28% and 10%.

Comparison of fully/weakly coupled modeling chain

To study the effect of mechanical feedback loop, a test computation is carried out using the weakly coupled model (mechanical feedback loop deactivated) as comparison, with the magnetic flux excitation discretized in 80 steps. The comparison is summed up in table 5.3. Fully coupled model leads to more current, higher current distortion and more acoustic power (about 10% higher) compared to weakly coupled model, showing clearly that the stresses degrade the material properties. 

Optimization of core geometry

The optimization process presented in this subsection is carried out using the weakly coupled model instead of fully coupled one to reduce the computation time. It has been verified that the use of fully coupled version improve the accuracy of results without changing the major tendencies. As shown in Fig. 5.12, core deformation is mainly concentrated at the yokes where the magnetic field goes from the rolling direction to the transversal direction (mixed zone), leading to a huge magnetostriction induced deformation.

Intuitively, one might think that increasing the width of the yokes and decreasing the width of the limbs in order to keep a constant mass would lead to an interesting solution to reduce the noise. Indeed, such transformation allows a new distribution of flux density: flux density is increased for parts along RD that exhibit a low magnetostriction; flux density is decreased for parts along TD that exhibit a high magnetostriction, leading to the reduction of the global deformation of the system. The initial width of yokes and limbs is W . In order to verify this pre-considered idea, the new width of the yokes is defined by: W 1 = aW , with a a geometry coefficient. The width of the limbs is recalculated, in order to keep the mass and window area constant. Some examples of modified geometries are illustrated in Fig. 5.15 for various a. A series of simulations is carried out with imposed maximum magnetic flux density from 1.2T to 1.5T (averaged over the central section), for a varying from 0.8 to 1.2. In the case of excitation 1.5T at a = 1.0, the magnetic saturation is reached in limbs. No numerical solution exists for thinner limbs, because of the saturation of the material. Indeed, it is not possible to impose magnetic flux density higher than saturation. Current in three phases are given in Fig. 5.16. As the magnetic flux is imposed with a sine waveform, non-linearity and saturation of the material influence directly the amplitude and distortion of excitation current. The magnetic saturation is clearly observed with a lower than 1, where the current in the windings come with very high distortion. Average RMS and THD of current are shown in Fig. 5.17 and Fig. 5.18. At low magnetic flux excitation, a smaller current is enough to magnetize the transformer core. At high magnetic flux excitation, average RMS and THD increase rapidly with the flux excitation. By decreasing the geometry coefficient a (limbs wider and yokes thinner), average RMS and THD of the current increase dramatically because of the saturation in yokes. From an electric point of view, the optimized design of transformer core is obtained for a geometry coefficient close to a = 1.05 at high magnetic excitation, where average RMS and THD of current are both minimum. At low magnetic excitation, the average RMS and THD of current continue to decrease as a increases. Optimum point for low magnetic excitation may be higher than a = 1.2. This leads to the lowest joule losses. The acoustic power is shown in Fig. 5.19. The acoustic power is an interesting indicator of global deformation level, that may be related to the sound emission. At a given maximum flux density, the acoustic power varies with the geometry coefficient a.

For high a, the width of the yokes is larger than that of the limbs, leading to low flux density and then low deformation in yokes, where magnetic flux lines up to TD and normally creates large deformation. As the a goes extremely high, the deformation in limbs becomes larger because of the saturation. For low a, the width of the yokes is smaller than that of the limbs, so that saturation appears first in the yokes, leading to a huge deformation. On the other hand, the optimum a corresponding to the minimum acoustic power changes with the magnetic induction. For B = 1.2T , optimum a locates at 1.1, which means yokes wider than limbs. This verifies the speculation made previously that by increasing the width of yokes and decreasing the induction in the transversal direction of the lamination, the noise can be reduced. As the magnetic flux increases, the optimum a decreases. It reaches 1.0 at B = 1.5T . At this high level of excitation, where all areas of the transformer core are almost saturated, acoustic power is no more sensitive to the geometry variations. Other mechanisms coming from assembly precision and air gaps may also influence the sound emission but are not considered in this simulation. It has been verified that the optimized geometry remains roughly the same when the fully coupled SMSM is used.

Conclusion

A vibration measuring bench has been build up, allowing the measurement of the dynamic structural behavior of the transformer core, including local acceleration and noise emission. Measurements are carried out on a series of material-structure configurations, under different external loadings (current excitation, voltage excitation). Comparisons are made between transformers fabricated in different materials. Analyses in both time domain and frequency domain are achieved for better comprehension of the transformer dynamic behavior. The validation of the modeling chain is an important step in this thesis. Simulations are carried out under the same condition as the experimental measurements. Good agreements are obtained between the simulation and measurements. A geometry optimization process is finally carried out, leading to lower noise emission at constant mass.

In the context of 'More Electric' or 'All Electric', manufacturers of land and air vehicles seek to increase the on-board power to equal mass. One of the solutions considered is to increase the magnetic flux density in the magnetic materials constitutive of electrical machines. However, materials with the highest flux densities have the disadvantage of deforming under the effect of the magnetic field. This deformation leads to a significant increase in vibration, which causes undesirable acoustic noise. The main origin of these deformations is the phenomenon of magnetostriction. The magnetostriction results from the rearrangement under magnetic field of the microstructure into magnetic domains. The paths explored to reduce this noise without adversely affecting the performance of the systems are numerous. We are interested here in the development of a complete modeling chain, from the local behavior of the material to the calculation of the total deformation of the structure, using a multi-scale approach combining a local constitutive behavior, an analytical homogenization for the description of the multilayer medium, and a finite element modeling for the resolution of the mechanical and magnetic structure problem.

Modeling strategies

The aim is to solve a coupled magneto-mechanical problem (a 2D numerical model is preferred). A sequential and quasi-static approach is first applied: the solving of the magnetic problem is carried out first, followed by the resolution of the mechanical problem. The induced stress in the transformer structure is generally low; it nevertheless influences the magnetic and magnetostrictive behavior of the material. A strong coupling has been implemented within the multilayer model. This method of calculation is suitable for materials whose behavior is considered sensitive to stress.

Two methods of iterative resolution (modified fixed point and Newton-Raphson) have been implemented to solve the non-linear magnetic problem. By sending a sinusoidal current in the coils (or a magnetic flux in the core) discretized in time, at convergence, we have obtained a series of solutions constituted by magnetic fields (field, induction, flux, magnetization) and the free magnetostriction deformation fields. The next operation consists in defining a volume force, which should be equivalent to the magnetostriction deformation from the mechanical equilibrium equation. The calculation is performed at each time step over an excitation period and then decomposed into Fourier series. Each harmonic is considered as the excitation of the mechanical problem for different frequen-cies. The total displacement of the structure as a function of time is obtained by summing the harmonics of displacements (superposition principle). The mechanical problem is solved in the frequency domain to avoid transient calculations and thus save time. An acoustic post-processing block is developed, which gives the acoustic power. It is considered as an overall indicator of the acoustic behavior of transformers.

A first optimization of the geometry with equal mass is carried out, with three-phase magnetic flux directly imposed in the core of the transformer. Optimization of the geometry in order to reduce the noise and the losses at given power is thus made possible. This procedure is applied to identify the ideal shape factor of a three-phase grain-oriented iron-silicon transformer at given power.

Development of constitutive behaviors laws

Considering the complexity of the magnetic and magnetostrictive behavior of materials (non-linearity, anisotropy, stress sensitivity, hysteresis ...), a simplified multi-scale model is integrated into the finite element chain. In this model, the macroscopic behavior of the magnetic material is represented by an equivalent single crystal. We are looking for the probability of existence of a magnetic domain in different directions from its local energy, sum of different contributions: field energy, magnetocrystalline anisotropy, elastic (magneto-mechanical), and configuration energy. Several extensions and improvements (configuration energy, anisotropic energy, crystal rotation. . . ) of this model are proposed to adapt it to different materials, in particular, highly anisotropic grain-oriented iron-silicon, non-oriented grain iron-silicon, iron-cobalt afk1, iron-nickel supra50.

A complete multi-scale model with hysteresis is then proposed. This model is able to account for rotating magnetic field loading, and to estimate associated iron losses. The rotational magnetic loading is often found in electrical machines and at the T-joints of the power transformers. A hysteresis model with rotational magnetic field is a key point for accurate loss and vibration calculations. Note that this multi-scale model has not yet been proposed in a simplified version and is therefore not implemented in the finite element chain.

A transformer generally consists of a stack of metal sheets cut in the form of E and I (in order to close the magnetic circuit). Sheets are stacked head-to-tail which leads to a mixture of the behaviors of each sheet. The 2D resolution requires defining the average behavior of the sheet stack. A law of mixtures is applied: it uses a hypothesis of homogeneous magnetic field and total deformation in different layers, with the consideration of the conventional tangential continuity of the magnetic field and the displacement.

Identification and experimental validation

A first series of experiments makes it possible to identify the anhysteretic behavior of materials. The strips are cut following the rolling direction, transverse and at 45°from the rolling direction. Materials are characterized in a magnetic and magnetostrictive measuring bench, developed at LMT-Cachan. The parameters of the simplified multiscale model are identified from the measured behaviors.

Validation of the structural computation uses a three-layer transformer (for simplicity reason) in the form of '8' made up of different materials. Strain gauges are glued at different measuring points of some structures,. The same procedure for characterizing anhysteretic behavior is then applied. Numerical simulations are carried out using the same loading conditions and boundary conditions as the measurements. The numerical results are in general in good agreement with the experimental measurements which allow a first validation of the complete model.

A second series of experiments carried out on transformers allows a measurement of the vibration of the transformer and an estimation of the emitted noise. Several 'EI' tri-layer transformers are made of different materials. The central winding is fed with a sinusoidal excitation current (or voltage). Accelerometers placed at different points of the sheet lead to the measurement of the local displacement by integration. The measurement points are chosen so as to identify and eliminate solid body displacement components. The displacement of the measuring points as a function of time is obtained by means of a post-treatment. The vibrations of the transformer and the noise emission are also compared with the numerical simulation. This model makes it possible to reconstruct the main trends of the measured behavior. In particular, the prediction of the amplitude and form of the displacement are well predicted at high field. Discrepancies that remain are discussed.

Perspectives

The main perspectives of this work are to improve the accuracy of the vibration and noise prediction of the numerical tool.

In terms of constitutive behavior, on one hand, the simplification of IMSM and its finite element implementation are strongly required, so as to consider the static hysteresis effect (irreversible behavior) under complex magnetic (rotational) and mechanical (biaxial) loadings. On the other hand, the SMSM still needs to be improved, in order to achieve higher accuracy and better stability (numerical convergence) in a structural computation under complex mechanical loadings. In terms of modeling chain, extension from 2D to 3D is definitely essential, which allows the consideration of out-of-plane magnetic field and vibration, the non-homogeneous magnetic field through the thickness because of the eddy currents, and acoustic radiation in the free space. For better accuracy of the simulation, one needs to add shell element for the consideration of air-gaps while keeping an acceptable mesh size. As the power transformer is always fixed in a supporting structure introducing non-negligible external stresses, the simulation of the transformer together with the mechanical connection and/or the supporting structure should be achieved. Other numerical improvements should include: GPU computing for extensive vector computa-tion and packaging of the source code into a user-friendly software. In terms of experimental aspects, measurements on a real power transformer are strongly required. This needs a more powerful power supply and several three-axes accelerometers and/or laser Doppler velocity sensors.

This SMSM together with the modeling chain is a powerful tool for the noise and vibration simulation of all kinds of low-frequency electromagnetic devices, including electrical motors, generators, power transformers and inductors. Moreover, this tool is able to consider several materials with complex magnetic and magnetostrictive behavior. It is able to consider anisotropy and stress dependency too. We see huge potentials of the applications of this numerical tool. pushes the top and bottom yokes. Displacements obtained are lower than 0.2µm. A shape scale factor of 20000 is used for better visibility.

8-shaped FeNi Supra50 core

The distribution of magnetic induction and nodal equivalent force on FeNi Supra50 core are given in Fig.B.7. Fig.B.8 shows the components of total strain when excitation current reaches its maximum. The displacement field and the distorted core shape is shown in Fig. B.9 with a shape scale factor of 200000. It is noticed that the equivalent force is mainly concentrated on the inner corner of the central limb, where the directions of the force are not regular. On other words, neighbor forces are found pointing to the opposite directions. The direction of the magnetic field changes rapidly from one element to another at the corner, leading to the change of structure energy in SMSM and the material behavior. This causes numerical errors closely related to the discretization of the mesh. It also explains the fact that the simulated local displacement and strain are always smaller than the measured ones. Displacements obtained by simulation are lower than 0.01µm. 12 give the distribution of magnetic induction, nodal equivalent force, total strain and the displacement field of the 8-shaped FeCo Afk1 core. Similar to NO FeSi, FeCo Afk1 exhibits a behavior that is relatively isotropic. This leads to a similar distribution of the force, strain, and the displacement of the core. A shape scale factor of 60000 is used for better visibility. As already observed, the numerical simulation on the FeCo Afk1 core is far from the experimental measurement. Further investigations are necessary for this material. 

8-shaped FeCo Afk1 core

C.0.2 Theoretical consideration

Let us consider D ⇢ R 2 the studied domain. L 2 (D) is a space of square integrable vectorial or tensorial functions, depending on the context. Two function spaces are defined: V 1 ⇢ L 2 (D) in the source mesh; V 2 ⇢ L 2 (D) in the target mesh. The aim of the meshto-mesh projection is to find the fields in target mesh u t 2 V 2 , that possess the minimum errors compared to the fields in source mesh u s 2 V 1 .

By defining a test function in the target space u 0 2 V 2 , Galerkin method gives the formulation to solve u t in weak form. Equation (C.1) and (C.2) are adapted respectively to vectorial field and tensorial field (2 nd -order). Source tensors and nodal force densities are associated respectively to each element and node. N s and N t are the number of elements or nodes in 2D case. u s i and u t i are the degrees of freedom associated with the i th node or element. w s i and w t i are the shape functions on i th node or element. By applying the classical Ritz-Galerkin method, the test function u 0 is naturally chosen to be the same as the shape function in the target mesh u 0 = {w t i } N t i=1 . This leads to a linear system as follows: 

C.0.3 Integration of projection to the modeling chain

The weakly coupled magneto-elastic problem is solved using a sequential approach: magnetic resolution is followed by mechanical resolution. The domain of magnetic problem is noted as D mag , including air and iron areas. D mec is defined as a subdomain of D mag (D mec ⇢ D mag ), containing only the iron part, dedicated to the mechanical resolution.

Source tensor projection

The idea is to unify the computation process of magnetostriction and magnetic force induced deformation into a single modeling chain, from magnetic resolution, source tensor computation, nodal force computation and finally to the mechanical resolution. Magnetostriction strain tensor is deduced from SMSM. Magnetic force is first expressed in its tensorial form, Maxwell tensor. These source tensors can be then both transformed into nodal forces. If any mesh to mesh projection is needed from magnetic part to mechanical part, choices are the projection of source tensors and projection of force densities.

In 2D modeling, source tensors contain four components (three components if the tensor is symmetric), while force density vector contains only two. It is believed that these source tensors contain more information than their associated force density vectors. Data projections carried out at the source tensor stage is introduced as follows. Given ✏ s µ ,T s 2 V 1 , to find ✏ t µ , T t 2 V 2 , such that:

Z D mec ✏ s µ : ✏ µ 0 dt = Z D mec ✏ t µ : ✏ µ 0 dt, 8✏ µ 0 2 V 2 . (C.6) Z D mag T s : T 0 dt = Z D mag T t : T 0 dt, 8T 0 2 V 2 . (C.7)
Projections of free magnetostriction strain tensor and Maxwell tensor are carried out using the formulation (C.2). As Maxwell tensor is non-null in the air, the integration domain for (C.7) is carried out in D mag . This is different from the free magnetostriction strain, which exists only in the iron part. Force densities are then computed in the target mesh.

The main procedure is summarised in Fig. C.1.

Force density projection

Magnetic forces are often computed through virtual power principle (VPP) [Ren et Razek, 1992]. In this technique, nodal forces are directly derive from the magnetic energy.

Projections of force density in magneto-elastic coupled problems are also carried out for comparison reasons. Nodal forces are computed in the source mesh for both magnetostriction and magnetic forces. As nodal forces are concentrated only at the nodes, these forces are first transformed into a field of force density before projection, using the following formulation: where [F] and [ f ] are respectively the array of nodal force and the degrees of freedom of the force density. As the matrix [S] is diagonal, force density is obtained by dividing the nodal force by its associated surface of each node. Projection of force density is then carried out using formulation (C.1). Given f s 2 V 1 , to find f t 2 V 2 , such that:

Z D mec f s • f 0 dt = Z D mec f t • f 0 dt, 8 f 0 2 V 2 .
(C.9)

The main procedure is summarised in Excitation current is set in the center coil to 400Hz and 200At. By imposing the boundary condition, a fixed point is set as reference in the center of the transformer. P1, P2 and P3 are selected as measurement points. The same comparison procedure as in previous example is applied with M1 (56 K elements) and M2 (14 K elements). Displacements in directions X and Y of the point P1, P2 and P3 are shown in Fig. C.6-C.7. This numerical example shows better performance of source tensor projection over force density projection in case of magnetostriction induced displacement. This may be explained by the richer information that source tensor contains then the force density.

As a conclusion: for magnetostriction, great efficiency of source tensor projection over force density projection is proved in both static and dynamic magneto-elastic problems; for magnetic force, overall better results are observed using source tensor projection. This may be explained by the fact that the magnetostriction nodal force naturally makes the force density appear from the tensor rũ • (C : ✏ µ ), which is deduced from ũ • ( -• (C : ✏ µ )). Abstract: This thesis deals with the prediction of the vibration of a multi-layer transformer core made of an assembly of electrical sheets. This magneto-mechanical coupled problem is solved by a stepping finite element method sequential approach: magnetic resolution is followed by mechanical resolution. A 3D Simplified Multi-Scale Model (SMSM) describing both magnetic and magnetostrictive anisotropies is used as the constitutive law of the material. The transformer core structure is modeled in 2D and a homogenization technique is implemented to take the anisotropic behavior of each layer into consideration and define an average behavior at each element of the finite element mesh. Experimental measurements are then carried out, allowing the validation of the material constitutive law, static structural behavior, dynamic structural behavior, and the noise estimation. Different materials geometries are considered for this workStructural optimizations are finally achieved by numerical simulation for lower vibration and noise emission of the transformer cores. 
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 11 Figure 1.1: Illustration of the power transformer parts (source figure from the website [Siemens, ]).
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 12 Figure 1.2: Eddy currents within a solid iron transformer core (left) and a laminated transformer core composed of insulated sheets (right).
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 13 Figure 1.3: Example of an E-I stacked core (RD indicates the rolling direction)
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 14 Figure 1.4: Rolling process schematic view with indication of rolling direction (RD), transverse direction (TD), and normal direction (ND).

  Figure 1.6: Example of the winding vibration in power transformers [Ertl et Landes, 2007].
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 17 Figure 1.7: Studied core shapes in [Shuai et Biela, 2015].
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 22222222 Fig.2-1: The mitred joint constructions [8] a) Cross-step construction b) Longitudinal step construction

  Dimensions of the model core and clamping positions for c-clamps.
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 23 Fig. 2. Model core and microphones set in the anechoic room.
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 3 Figure 3: Modeling process of core vibration.
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 4 Figure 4: Model o core.
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 8 Figure 8: Setup for vibration and acoustic noise measurement.
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 111 Figure 1.11: Schematic of measurement setup [Shuai et Biela, 2014].
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 4 Fig. 4. RSST which uses a large hexagonal sample of about 160 mm diameter with support of the HD, thus favoring applications for HGO materials in a specific way [14], [27]. (a) Total view with sample. (b) Detail without sample visualizing a double tangential field coil as commonly applied for RSSTs.

  (b)]. In principle, a variety of alternative sensor types would be available, in special Hall sensors, magneto-resistance (MR) sensors or magneto-impedance (MI) sensors [28]. However, the latter sensor types are charac-(a) Total view with sample PFÜTZNER et al.: ROTATIONAL MAGNETIZATION IN TRANSFORMER CORES-A REVIEW 4525 by Fig. 3(b). The lower half II of flux is hindered by the V-element to pass into the right half of the S-limb. It makes a detour into the right yoke region and then "rotates", flows back and enters. Again this yields a rhombic pattern. However, it tends to be asymmetric due to lacking symmetry of geometry. In the T-joint, the pattern axes may show a tilt [see several examples in Fig. 2(b)]. The latter is weak. However, it is relevant for losses as shown further down.
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 4 Fig. 4. RSST which uses a large hexagonal sample of about 160 mm diameter with support of the HD, thus favoring applications for HGO materials in a specific way [14], [27]. (a) Total view with sample. (b) Detail without sample visualizing a double tangential field coil as commonly applied for RSSTs.

  Figure1.12: Rotational single sheet tester[START_REF] Pfützner | Rotational magnetization in transformer cores -a review[END_REF].

GAO

  Fig. 1. Analysis (a) laminated core, (b) solid and homogeneous core models.
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 2 Fig. 2. Simple single-sheet model for determining the (a) Young's moduli and Poisson ratios, (b) shear moduli of elasticity, of the homogeneous core model for the mechanical analysis.
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 3 Fig. 3. Meshes of the (a) laminated core, (b) solid and homogeneous core models.
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  Fig. 7. Typical surface vibrations of a core with well compressed MSL corner regions (Core type A; T). (a) Displacements . (b) Velocities .
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 1 Figure 1.14: Typical surface displacements d n of a core with well compressed MSL corner regions (Magnetic induction equals 1.6T , Number of overlap steps equals 2, number of lamination equals 110, outside core dimension equals 400⇥210mm)[Weiser et Pfützner, 1998, Weiser et al., 2000]. 3772 IEEE TRANSACTIONS ON MAGNETICS, VOL. 36, NO. 5, SEPTEMBER 2000
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 115 Figure 1.15: Schematic outline of these three possible mechanisms of the noise generation (a) magnetic flux distribution; (b) forces. [Weiser et al., 2000].
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 22 Figure 2.2: Stress effect on the magnetization of a low-carbon steel (0,18wt%) [Lollioz et al., 2006].
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 23 Figure 2.3: Observation of magnetic domains in FeSi [Hubert et Schäfer, 2008].
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 24 Figure 2.4: The pinning/unpinning procedure of the domain wall.
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 26 Figure2.6: Real magnetization process[Rekik, 2014] 
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 28 Figure 2.8: Modeling stragegy of IMSM.

  40) n b is varying from 0 to 1. At demagnetising state, n b = 0.5, the domain wall is at its initial position. Therefore, the movement of 180 domain wall is represented by the variation of n b . The rotation of the bi-domain is represented, on the other hand, by the variation of f b . The increase of f b means the rotation of the adjacent bi-domains towards bi-domain b. The decrease of f b means the rotation of bi-domain b towards adjacent bi-domains.

  starting value of n b at the last field inversion, representing the last position of the domain wall in the bi-domain b. ~ga + is defined as the positive direction of the bi-domain b, or the direction of domain a + . H b rev is the projection of local reversible field Hg rev on the direction of bi-domain b (H b rev = | Hg rev •~g a + |). An inversion of loading direction is defined as a change of direction of the wall movement. From a practical point of view, this inversion is detected at instant t when Dn b t • Dn b t 1 < 0. This definition is very strong because it does not depend on the external loading, which can be a magnetic or a mechanical loading. At each inversion, k b is updated to keep the continuity of irreversible field of the bi-domain b, shown in eq.2.44. k b 0 is the value of k b at the last field inversion. of k b is noted k b init , taking controls of the initial hysteresis curve at the first magnetization. Finally, the irreversible field at the grain scale is obtained by an averaging operation over all bi-domains shown in eq.2.45.

  k r is proportional to the amplitude of the coercive field. c r controls the first magnetization behavior. k b init and q are related to the width and inclination of the hysteresis cycle. The
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 2 Figure 2.11: FeSi NO50: comparison of MSM results (dots) to experimental measurement (lines).
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 2 Figure 2.12: FeSi NO50: hysteretic magnetization curve.
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 2 Figure 2.13: FeSi NO50: hysteretic magnetostriction curve.
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 2 Figure 2.14: Hysteresis losses per cycle under alternative magnetization: comparison between IMSM model and literature [Appino et al., 2016].
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 22 Figure 2.15: Illustration of rotational magnetization path (left); Cumulative hysteresis loss for rotational magnetization (right)
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  33 = n (s 11 + s 22 ) (3.37)
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 31 Figure 3.1: Global modeling strategy.
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 323 Figure 3.2: Transformer core layers: layer family 1 (left) with 'I-shaped' sheet (red region) on top and 'E-shaped' sheet (yellow region) on bottom; layer family 2 (right) with 'E-shaped' sheet on top and 'I-shaped' sheet on bottom. White arrows indicate the easy magnetization direction.

  Fig.3.4 describes the general strategy of the homogenized SMSM.
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 34 Figure 3.4: Homogenized SMSM.
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 35 Figure 3.5: Block diagram for magnetic resolution.
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 3637 Figure 3.6: Modeling strategy for mechanical feedback loop.
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 38 Figure 3.8: Detailed global modeling chain.
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 41 Figure 4.1: Ilustration of different configurations of three-layer core, with red arrow indicating the rolling direction (RD).

  4.1.1 Three-layer core prototypeUsing three-layer prototypes brings several advantages, especially for E-I stacked core. E-sheet and I-sheet are usually cut along the rolling direction of the lamination as shown in Fig.4.4 (white arrows indicate the RD). As electrical sheets are assembled in a crisscross way, they are positioned alternatively on the top or on the bottom of the transformer in order to dilute parasitic air-gaps and limit their effect. This forms two families of layer: family 1 with I-sheet on the top and E-sheet on the bottom; family 2 with Esheet on the top and I-sheet on the bottom. Sectional views in different regions of this transformer are presented in Fig.4.4. For such configuration, the sectional surface of sheet in regions (a), (b) and (c) are composed of 2/3 RD + 1/3 TD, 1/1 RD and 1/3 RD + 2/3
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 424344 Figure 4.2: Geometry of electrical sheets of format A: (a) E-sheet; (b) I-sheet; (c) some detailes of format A
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 4748 Figure 4.7: Macrograph picture of a standard industrial GO 3% silicon-iron lamination (Hi-B from Nippon Steel) (left); Pole figures of GO FeSi (right)[Buvat, 2000] 
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 4 Figure 4.9: GO FeSi: Experimental measurement[Hubert et Daniel, 2008] -anhysteretic magnetostriction.
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 44 Figure 4.10: Texture of a NO FeSi lamination (left); Pole figures of NO FeSi (right)
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 4 Figure 4.12: NO FeSi: Experimental measurement -anhysteretic magnetostriction.
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 44 Figure 4.13: Texture of FeNi Supra50 (left); Pole figures of FeNi Supra50 (right)[Cetin, 2014] 
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 4 Figure 4.15: FeNi Supra50: Experimental measurement[Cetin, 2014] -anhysteretic magnetostriction.

Figure 4 .Figure 4 .

 44 Figure 4.16: Texture of FeCo Afk1 (left); Pole figures of FeCo Afk1 (right)[START_REF] Savary | Magnetostrictive and magnetic effects in fe-27%co laminations (submitted)[END_REF] 

Figure 4 .

 4 Figure 4.18: FeCo Afk1: Experimental measurement [Savary et Hubert, 2017] -anhysteretic magnetostriction.

Figure 4 .

 4 Figure 4.19: GO FeSi: Comparison between SMSM results (dots) and experimental measurement (lines)[Hubert et Daniel, 2008] -anhysteretic magnetization curves.

Figure

  Figure 4.20: GO FeSi: Comparison between SMSM results (dots) and experimental measurement (lines)[Hubert et Daniel, 2008] -anhysteretic magnetostriction curves.

Figure 4 .

 4 Figure 4.21: Non-oriented FeSi: Comparison between SMSM results (dots) and experimental measurement (lines) -anhysteretic magnetization curves.

Figure 4 .

 4 Figure 4.22: Non-oriented FeSi: Comparison between SMSM results (dots) and experimental measurement (lines) -anhysteretic magnetostriction curves.

Figure 4 .

 4 Figure 4.23: FeNi Supra50: Comparison of SMSM results (dots) to experimental measurement (lines) -anhysteretic magnetization curve.

Figure 4 .

 4 Figure 4.24: FeNi Supra50: Comparison of SMSM results (dots) to experimental measurement (lines) -anhysteretic magnetostriction.

Figure 4 .

 4 Figure 4.25: Magnetostrictive curve of FeCo A AFK1 and FeCo B AFK1 (a) experimental data (b) numerical results [Savary et al., 2018]. FeCo A AFK1 and FeCo B AFK1 have been annealed at different temperatures allowing to enhance or remove the bi-domains structure. FeCo B AFK1 corresponds to the material considered in the work.

Figure 4 .

 4 Figure 4.26: FeCo Afk1: Comparison of SMSM results (dots) to experimental measurement (lines) -anhysteretic magnetization curve.

Figure 4 .

 4 Figure 4.27: FeCo Afk1: Comparison of SMSM results (dots) to experimental measurement (lines) -anhysteretic magnetostriction.

Figure 4 .

 4 Figure 4.28: Simulated magnetic (a) and magnetostrictive (b) behaviors under stress of GO FeSi along RD.

Figure 4 .

 4 Figure 4.29: Simulated magnetic (a) and magnetostrictive (b) behaviors under stress of NO FeSi along RD.

Figure 4 .

 4 Figure 4.30: Simulated magnetic (a) and magnetostrictive (b) behaviors under stress of FeNi Supra50 along 45 from RD.

Figure 4 .

 4 Figure 4.31: Simulated magnetic (a) and magnetostrictive (b) behaviors under stress of FeCo Afk1 along RD.

Fig. 4 .Figure 4 .

 44 Fig.4.32 shows the selected points for the local strain measurements. The example is an '8-shaped' non-cut three-layer core, with RD in the direction Y. Points P1, P2, and P3 are chosen where the magnetic field lies along RD, TD, and at 45 from RD. The red (black) flash indicates the longitudinal (transversal) direction of the strain gauge. Strain gauges are stuck on the two sides of the three-layer core, in order to obtain an average local strain.

Figure 4 .

 4 Figure 4.33: NO FeSi three-layer core: comparison measurement/simulation of the local magnetostriction during anhysteretic procedure.

Figure 4 .

 4 Figure 4.34: FeNi Supra50 three-layer core: comparison measurement/simulation of the local magnetostriction during anhysteretic procedure.

Figure 4 .

 4 Figure 4.35: FeCo Afk1 three-layer core: comparison measurement/simulation of the local magnetostriction during anhysteretic procedure.

Figure 5 . 1 :

 51 Figure 5.1: Experimental set up for prototype testing.

Figure 5 . 2 :

 52 Figure 5.2: Selected points for acceleration measurements.

Figure 5 . 3 :

 53 Figure 5.3: Comparison between modeled and measured displacements at some selected points

Figure 5 . 4 :

 54 Figure 5.4: (a) Amplitude of the excitation current as function of magnetic induction in the central limb; (b) THD of the excitation current as function of magnetic induction amplitude in the central limb.

Figure 5 . 5 :

 55 Figure 5.5: Measured and simulated amplitude of the relative displacement between several pairs of points on three-layer EI cores: (a)P1-P2; (b)P3-P4; (c)P3-P5; (d)P4-P6.

Figure 5

 5 Figure 5.6: (a) Measured noise level; (b) Simulated acoustic power

Figure 5 . 7 :Figure 5 . 8 :

 5758 Figure 5.7: Frequency spectrum of noise level on three-layer EI core with different materials: (a)FeCo Afk1; (b)NO FeSi; (c)FeNi Supra50; (d) background noise

Figure 5 . 9 :Figure 5 . 10 :

 59510 Figure 5.9: Noise level of the NO FeSi three-layer core with different configurations.

Figure 5 .Figure 5 . 12 :

 5512 Figure 5.11: Current in the three phases of one period of time.

Figure 5 .Figure 5 .

 55 Figure 5.13: Induced stress in-plane components for layer family 1 at instant t 2

Figure 5 . 15 :

 515 Figure 5.15: Examples of modified geometries

Figure 5 . 16 :

 516 Figure 5.16: Current of three phases with maximum induction of 1.2T (top), 1.3T (middle) and 1.4T (bottom) on different geometries.

Figure 5 .Figure 5 .Figure 5 .

 555 Figure 5.17: Average RMS of current of three phases with different maximum inductions and geometries.
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 45 Figure A.4: In-plane vibration mode for 8-shaped sheet (Format-B).

Figure

  Figure A.6: In-plane vibration mode for I-shaped sheet (Format-B).

Fig

   give the distribution of magnetic induction, nodal equivalent force, total strain and the displacement field of the 8-shaped FeCo Afk1 core. Similar to NO FeSi, FeCo Afk1 exhibits a behavior that is relatively isotropic. This leads to a similar distribution of the force, strain, and the displacement of the core. A shape scale factor of 60000 is used for better visibility. As already observed, the numerical simulation on the FeCo Afk1 core is far from the experimental measurement. Further investigations are necessary for this material.

FigureFigure B. 2 :Figure B. 3 :Figure B. 4 :Figure B. 5 :Figure B. 6 :MagnitudeFigure B. 9 :

 234569 Figure B.1: Distribution of the magnetic induction (left) and nodal equivalent force (right) for three-layer GO FeSi EI-core

  , u s and u t are usually defined as(C.3) 

  [A][U s ] = [B][U t ] (C.4) where [U s ] and [U t ] are degrees of freedom vectors in source and target meshes. [A] N t ⇥N s and [B] N t ⇥N t are two matrices with their elements defined in (C.5).

  Fig.C.2.

Figure

  Figure C.3: Magnetic force density (top); Magnetostriction induced force density (bottom)

Figure C. 4 :Figure C. 5 :

 45 Figure C.4: Displacements due to magnetostriction in direction X (left) and Y (right).

TimeFigure D. 2 :

 2 Figure C.6: Displacements in direction X as a function of time at P2 (left); Displacements in direction Y as a function of time at P1 (right)
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Table IV :

 IV Comparison of optimal design at maximum power density by using different cores.

	r	Core	Rectangular	Square	Oval	Ring
	ection area [mm 2 ]	3403.2	5029.2	2177.6	997.2
	area [mm 2 ]	1703.2	1184.5	2663.9	3728.1
	c length [mm]	208.2	175.4	238	291.8
	olume [dm 3 ]	0.708	0.882	0.518	0.291
	volume [dm 3 ]	1.83	1.9	2.25	2.35
	ber of turns		28:9	19:6	44:14	97:32
	er fill factor	26.13%	25.42%	28.28%	30.91%
	e loss [W]		32.32	39.98	23.35	12.83
	ing loss [W]	67.95	76.57	69.01	107.64
	fficiency		99.6%	99.54%	99.63%	99.52%
	max [T]		0.96	0.957	0.955	0.945
	x [kV/mm]		7.83	7.94	7.99	7.93
	temperature [ C]	119	119	118	118.6
	ensity [kW/L]	13.66	13.16	11.11	10.87
	rectangular, square				
	re, only one core				
	shown)					
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 IV Comparison of optimal design at maximum power density by using different cores.

	r	Core	Rectangular	Square	Oval	Ring
	section area [mm 2 ]	3403.2	5029.2	2177.6	997.2
	w area [mm 2 ]	1703.2	1184.5	2663.9	3728.1
	ic length [mm]	208.2	175.4	238	291.8
	olume [dm 3 ]	0.708	0.882	0.518	0.291
	volume [dm 3 ]	1.83	1.9	2.25	2.35
	ber of turns		28:9	19:6	44:14	97:32
	er fill factor	26.13%	25.42%	28.28%	30.91%
	e loss [W]		32.32	39.98	23.35	12.83
	ing loss [W]	67.95	76.57	69.01	107.64
	fficiency		99.6%	99.54%	99.63%	99.52%
	max [T]		0.96	0.957	0.955	0.945
	x [kV/mm]		7.83	7.94	7.99	7.93
	temperature [ C]	119	119	118	118.6
	ensity [kW/L]	13.66	13.16	11.11	10.87
	r rectangular, square				
	ore, only one core				
	shown)					

ses are generated in the winding. Therefore, both the power density and the efficiency of the ring sformers are limited due to the heat dissipation capability.

Table IV :

 IV Comparison of optimal design at maximum power density by using different cores.

	er	Core	Rectangular	Square	Oval	Ring
	section area [mm 2 ]	3403.2	5029.2	2177.6	997.2
	w area [mm 2 ]	1703.2	1184.5	2663.9	3728.1
	tic length [mm]	208.2	175.4	238	291.8
	volume [dm 3 ]	0.708	0.882	0.518	0.291
	volume [dm 3 ]	1.83	1.9	2.25	2.35
	ber of turns		28:9	19:6	44:14	97:32
	per fill factor	26.13%	25.42%	28.28%	30.91%
	re loss [W]		32.32	39.98	23.35	12.83
	ing loss [W]	67.95	76.57	69.01	107.64
	fficiency		99.6%	99.54%	99.63%	99.52%
	B max [T]		0.96	0.957	0.955	0.945
	ax [kV/mm]		7.83	7.94	7.99	7.93
	temperature [ C]	119	119	118	118.6
	density [kW/L]	13.66	13.16	11.11	10.87
	r rectangular, square				
	ore, only one core				
	s shown)					

sses are generated in the winding. Therefore, both the power density and the efficiency of the ring sformers are limited due to the heat dissipation capability. usions ency transformers are small in size and weight compared with conventional line frequency transmajor challenges associated with MFTs are cooling and isolation as well as the acoustic noise is paper, the influence of core shapes on the vibration and acoustic noise emission of magnetic cores d based on FEM simulation and measurements. The modeling methods of the core vibration are d a 2D model to calculate the deformation of the core under electrical excitation is implemented (c) Oval core

Table IV :

 IV Comparison of optimal design at maximum power density by using different cores.

	Parameter	Core	Rectangular	Square	Oval	Ring
	Core cross section area [mm 2 ]	3403.2	5029.2	2177.6	997.2
	Window area [mm 2 ]	1703.2	1184.5	2663.9	3728.1
	Magnetic length [mm]	208.2	175.4	238	291.8
	Core volume [dm 3 ]	0.708	0.882	0.518	0.291
	Boxed volume [dm 3 ]	1.83	1.9	2.25	2.35
	Number of turns		28:9	19:6	44:14	97:32
	Copper fill factor	26.13%	25.42%	28.28%	30.91%
	Core loss [W]		32.32	39.98	23.35	12.83
	Winding loss [W]	67.95	76.57	69.01	107.64
	Efficiency		99.6%	99.54%	99.63%	99.52%
	B max [T]		0.96	0.957	0.955	0.945
	E max [kV/mm]		7.83	7.94	7.99	7.93
	Maximum temperature [ C]	119	119	118	118.6
	Power density [kW/L]	13.66	13.16	11.11	10.87

2D View (for rectangular, square and oval core, only one core is shown)

Table I :

 I Properties

		S
	Material	
		d
	6.5% SiFe	
	(50 µm)	
	MnZn ferrite	0
	Fe-based	
	amorphous	
	Metglas	
	2605SA1	
	Co-based	
	amorphous	
	VITROVAC	
	6025	
	Nanocrystalline	
	VITROPERM	
	500F	

Table 2

 2 .1. The crystallographic texture data used for modeling consists of 396 crystallographic orientations, extracted from an EBSD file. The comparison of measured and modeled magnetic and magnetostrictive behaviors are given in Fig.2.11.

	Param.	M s	K 1	l 100 ; l 111	A s	S c
	Value 1.61⇥10 6	38	23.5 ; -4.5 20⇥10 3 20
	Unit	A/m	kJ.m 3	ppm	m 3 /J	MPa

Table 2 .

 2 

1: Physical constants used for anhysteretic MSM

Table 2 . 2 :

 22 Numerical parameters used for the irreversible field calculation.

  C 11 C 12 C 13 C 14 C 15 C 16 C 12 C 22 C 23 C 24 C 25 C 26 C 13 C 23 C 33 C 34 C 35 C 36 C 14 C 24 C 34 C 44 C 45 C 46 C 15 C 25 C 35 C 45 C 55 C 56 C 16 C 26 C 36 C 46 C 56 C 66

	2	3		2	3		2			3
	6 6 6 6 6 6 4 s 11 s 22 s 33 s 12 s 13	7 7 7 7 7 7 5	✏ el =	6 6 6 6 6 6 4 2e el12 e el11 e el22 e el33 2e el13	7 7 7 7 7 7 5	C =	6 6 6 6 6 6 4			7 7 7 7 7 5 7	(3.18)
	s 23			2e el23					
	The stiffness tensor can be further simplified for orthotropic materials that have three
	orthogonal planes of symmetry: C = 2 6 6 6 6 6 6 4 C 11 C 12 C 13 C 12 C 22 C 23 C 13 C 23 C 33	C 44	C 55	3 7 7 7 7 7 5 7	(3.19)
									C 66
	This leads to:							
				s 11 = C 11 e el11 +C 12 e el22 +C 13 e el33	(3.20)
				s 22 = C 12 e el11 +C 22 e el22 +C 23 e el33	(3.21)
				s 33 = C 13 e el11 +C 23 e el22 +C 33 e el33	(3.22)
						s 12 = 2C 44 e el12		(3.23)
						s 13 = 2C 55 e el13		(3.24)
						s 23 = 2C 66 e el23		(3.25)

Table 4 . 2 :

 42 Table.4.2. List of configuration-material three-layer cores

	Configuration Air-gap	Material	Format
	8-x	NO	NO FeSi	B
	8-y	NO	NO FeSi, FeNi Supra50	B
	EI-x	YES	NO FeSi	B
	EI-y	YES	NO FeSi	B
	EI	YES	NO FeSi, FeNi Supra50, FeCo Afk1 GO FeSi	B A

Table 4 . 3 :

 43 Physical constants used for SMSM.

	Param.	GO FeSi NO FeSi FeNi Supra50 FeCo Afk1	Unit
	M s	1.61⇥10 6 1.15⇥10 6	1.27⇥10 6	2.3⇥10 6	A/m
	K 1	38	0.2	3.4	0	kJ.m 3
	K 11	0	0	0	20	kJ.m 3
	K 12	0	0	0	0	kJ.m 3
	K 13	0.3	0.4	0.2	0.3	kJ.m 3
	l 100 ;l 111 23.5 ; -4.5	7 ; 7	10 ; 32	16 ; 16	ppm
	⌃ c xx C	0 0	8 0	0 200	0 0	MPa J.m 3
	A s	20⇥10 3 15⇥10 3	20⇥10 3	25⇥10 3	m 3 /J

Table 5 .

 5 1: Resonance mode of structure 'E', 'I', 'E+I'

Table 5 . 2 :

 52 .2. Numerical parameters and elastic constants used for transformer 2D modeling.

	Param.	I max	f	b	N	E	n
	Value	200	400 0.02 40 210 0.3
	Unit	Amper-turn Hz	-	-GPa -

Table 5 .

 5 

		Fully coupled Weakly coupled Unit
	I RMS(avg)	6.97	6.66	At
	T HD phase 1,3	10.1	8.3	%
	T HD phase 2	27.9	23.7	%
	P ac	1.63	1.56	µW
	Computation time	3.30	1.45	hrs

3: Comparison of fully coupled and weakly coupled model.

  'un noyau de transformateur multicouche, constitué d'un assemblage de tôles ferromagnétiques. Le problème couplé magnéto-mécanique est résolu par une approche séquentielle progressive : la résolution magnétique est suivie d'une résolution mécanique. Un modèle multi-échelle simplifié 3D décrivant les anisotropies magnétiques et magnétostrictives, et considérant les non-linéarités magnétiques et de magnétostriction, est utilisé comme loi de comportement du matériau. La structure du noyau du transformateur est modélisée en 2D. Une technique d'homogénéisation permet de tenir compte du comportement anisotrope de chaque couche afin de définir un comportement moyen pour chaque élément du maillage éléments finis.. Des mesures expérimentales sont ensuite effectuées, permettant d'une part la validation des lois de comportement matériau utilisées, et d'autres part des modèles de comportement structurel statique, du comportement structurel dynamique et de l'estimation du bruit. Différents matériaux et différentes géométries de prototypes de transformateurs sont considérés pour ce travail. Des optimisations structurelles sont finalement proposées grâce à des simulations numériques s'appuyant sur le modèle développé, afin de réduire les vibrations et les émissions de bruit du noyau du transformateur.

	Title: Optimization of electromagnetic and acoustic performances of
	power transformers

Keywords: Magnetostriction, Homogenization, Power transformers, Vibration/noise, Multiscale modeling, Ferromagnetic materials, Finite element method.

Appendix B

Core simulation with mono-phase excitation

Numerical simulations are carried out on four different material-structure configurations including GO FeSi (three-layer 'EI'), NO FeSi ('8-y'), FeNi Supra50 ('8-y'), and FeCo Afk1 ('8-y'). GO FeSi core is fed with a coil current of 200At, while the other three cores are fed with a magnetic induction of 1.5T at the central limb.

Three-layer GO FeSi EI-core

Fig.B

.1 shows the distribution of magnetic induction (left) and nodal equivalent force (right). As illustrated in Fig. 4.4, axis X is not an axis of symmetry of the three-layer EI-core, so that the distribution of the equivalent force is different on the top and bottom yokes. This, on one hand, helped to compare with the vibration measurement on threelayer transformer prototype. On the other hand, the asymmetry of the force verifies the functionality of the homogenization rule. Fig. B.2 shows the components of total strain when excitation current reaches its maximum. The points where strains are the strongest are positioned exactly where the magnetic field is aligned with TD. This result seems in accordance with the material behavior. A shape scale factor of 20000 is used for better visibility of the small total displacements in Fig. B.3. The reference point for mechanical computation is not chosen in the center (shifted towards to the bottom) of the core. This is where the reference point was set for the vibration measurement. Local displacements obtained are lower than 1µm.

8-shaped NO FeSi core Magneto-elastic coupled problem is usually solved by dividing it into two sub-problems: magnetic part and mechanic part [START_REF] Mininger | Modeling of magnetoelastic and piezoelectric coupling: Application to srm noise damping[END_REF], Bernard et al., 2011]. The magnetic resolution gives the distribution of magnetic field, leading to the computation of magnetic force and magnetostriction induced force. These forces are used as loadings of mechanical problem, leading to structure deformations and vibrations. Each sub-problem can be solved on its own mesh with adapted support and optimized discretization. Such a modeling process requires the data projection from one mesh to another, making meshto-mesh date transfer crucial in these high accuracy multiphysics modelings.

Mesh-to-mesh projection can be performed through an explicit interpolation or Galerkin method [START_REF] Geuzaine | A Galerkin projection method for mixed finite elements[END_REF], Ciarlet, 1988]. The latter has the advantage of great overall precision. For magneto-elastic coupled problems, Galerkin projections can be carried out at different stages. Wang et al. compare the magnetic field projection in different spaces [START_REF] Wang | Electromagnetic field projection on finite element overlapping domains[END_REF], and propose energetic Galerkin projection [START_REF] Wang | Energetic Galerkin Projection of Electromagnetic Fields Between Different Meshes[END_REF] to minimize the errors of magnetic energy while projecting magnetic field. Journeaux et al. [START_REF] Journeaux | Multi-physics problems computation using numerically adapted meshes: application to magneto-thermo-mechanical systems[END_REF] demonstrate that, for a magneto-elastic coupled modeling chain, projection of magnetic force density offers better accuracy than projection of magnetic field.

However, for most of mechanical computation softwares, only the source tensor (strain/stress) and the force density are considered as source term. Projections of magnetic field or magnetic potential will be hard to achieve. Moreover, data transfer of magnetostriction induced force and deformation have never been studied in the literature. To tackle these issues, computation process of the magnetostriction and magnetic force induced deformation are first unified by involving the modified Maxwell tensor (equivalent to magnetostriction strain tensor), which is able to deal with nonlinear and anisotropic material magnetic behaviour. The modeling chain can be then summarised as magnetic resolution, source tensor computation, nodal force computation and finally mechanical resolution. Source tensor projection is first time introduced in magneto-elastic coupled problems, including both magnetic force and magnetostriction. It is then compared with classical 

C.0.4 Application and results

Academic example

The proposed projection formulations are first applied on an academic example, in order to compare source tensor and force density projections. A ferromagnetic ring made of FeSi is submitted to a horizontal magnetic field defined by magnetic potential f boundary conditions.

Parameters of SMSM are chosen to reproduce the ideal isotropic FeSi behaviors defined in [Liu et al., 2015a]. Fig. C.3 gives the distribution of the magnetic force density and magnetostriction equivalent force density computed on a reference well refined mesh. Source tensors and force densities are then computed in source mesh and projected to the target mesh, leading to static mechanical resolution. The fields of displacement due to magnetostriction and magnetic force are finally obtained.

Two meshes are considered: a well-refined mesh M1 (144 K elements) and a relatively coarser mesh M2 (36 K elements). M1 and M2 are used respectively as source mesh and target mesh. In order to eliminate the influence of mesh sensitivity, tests are carried out using the same mesh (M1 or M2) without data projection. Similar magnetic and mechanical field are observed on the two meshes. Comparisons are made between three different approaches: the reference, a coarser mesh M2 for the mechanical resolution with the source tensor projection, as well as the classical force density projection. The reference is defined using the same well-refined mesh M1 without projections, in order to minimize the discretization error and to eliminate projection error. For magnetostriction induced displacement, source tensor projection shows great efficiency over force density projection. For displacements due to magnetic forces, source tensor projection gives slightly better projection results.

The efficiency of the source tensor projection is different for forces of different physical natures. This can possibly be explained as follows: Free magnetostriction strain exists only in the ferromagnetic material, and is null in the air. However, Maxwell tensor exists both in the air and ferromagnetic material. Magnetic force mainly depends on the discontinuity of the Maxwell tensor on the air-iron interface. This makes magnetic force extremely sensitive to the change of mesh (data projection), which modifies the discontinuity on the interface.

Multi-layer power transformer

In order to verify the efficiency of the source tensor projection, another example is proposed: multi-layer ( f 1 = f 2 = 0.5) GO FeSi EI-core, under Format-A. In this case, the effect of magnetic forces is negligible because there is no air-gap in the modeling. The efficiency of source tensor projection is only verified for magnetostriction.

Appendix D

Core vibration under DC bias

Although power transformers are normally designed to operate under sinusoidal excitation, in reality, a direct current (DC) component may be superposed in primary or secondary windings. For example, the equipment failure or conventional maintenance may lead to a DC component in the electrical power transmission system [START_REF] Jiayin | Research on vibration and noise of transformer under dc bias based on magnetostriction[END_REF]. In other cases, if a power transformer is connected with an AC/DC converter as the loading, the secondary coils or the power transformer contain a DC component which can not be found in the primary coils. This DC component leads to half-cycle saturation, which increases the losses, creates more harmonics, and generates more vibrations and noise [START_REF] Li | Effects of DC magnetic bias on the magnetic and sound fields of transformer[END_REF]. These effects need to be taken into consideration for the power transformer design. Therefore, a good comprehension of power transformer behavior under DC bias becomes crustial for its optimized design.

Here we chose an '8' core made of NO FeSi. For simplification reasons, the threephase power transformer is excited here only by a central coil imposing a sinusoidal flux which leads to a maximum induction of B = 1.4T. Amplitude of the current in central coils and core displacement as a function of time are then solved. A series of simulations are carried out with a DC component, in addition to the sinusoidal flux. DC component of the magnetic flux is set as 0%, 10%, 20% and 30% of the maximum flux. With the finite element resolution, this corresponds respectively to DC current bias of 0At, 18 At, 26 At and 108 At in the secondary coils. Excitation current in primary coils and spectrum of displacement amplitude at particular point of the core are given in With the presence of DC component, the transformer core is highly saturated in the first half period. As the DC component rises, the current in coils becomes more distorted with harmonics. With a DC bias at 108At, the excitation current rises dramatically in amplitude. In terms of core distortion, magnetic saturation of the first half period creates relatively large magnetostriction, which generally rises the amplitude of displacements of all harmonics. Core distortion is much higher in the the half period than it in the second half period, which induces odd harmonics of the vibration. Harmonics at higher frequency are found with the increase of DC bias, which may be close to resonance.