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INTRODUCTION

The evaluation of iron losses is essential to the design of any electromagnetic application, all the more if this type of losses is predominant. The requirements for multi-criteria optimization are constantly increasing: designs must simultaneously meet many objectives such as efficiency, price, size, weight and environmental impacts, etc. The correct modeling of iron loss then takes all its meaning in a global optimization logic. Many iron loss models are available in the literature and differ in their approach (global or local), in their consideration of the phenomena, in their results, etc.

A state-of-the-art classification of these models can be found in [START_REF] Krings | Overview and comparison of iron loss models for electrical machines[END_REF]. In this study, they are rearranged differently based on the following characteristics:

1. Does it allow reconstructing the hysteresis cycle? 2. Is it based on physical considerations? As can be seen in Fig. 1, the models are classified into two main groups:

-Type 1: Loss models that express iron losses directly from magnetic variables such as frequency and induction amplitude [START_REF] Chas | On the law of hysteresis[END_REF][START_REF] Venkatachalam | Accurate prediction of ferrite core loss with nonsinusoidal waveforms using only steinmetz parameters[END_REF][START_REF] Pry | Calculation of the energy loss in magnetic sheet materials using a domain model[END_REF][START_REF] Bertotti | General properties of power losses in soft ferromagnetic materials[END_REF]. -Type 2: hysteresis models that calculate iron loss by an area integral of the reconstructed hysteresis cycle. This type of model is further divided into Type 2.1 -partial physical model [START_REF] Jiles | Theory of ferromagnetic hysteresis[END_REF][START_REF] Bergqvist | Magnetic vector hysteresis model with dry friction-like pinning[END_REF][START_REF] Henrotte | A dynamical vector hysteresis model based on an energy approach[END_REF][START_REF] Zirka | Inverse hysteresis models for transient simulation[END_REF] and Type 2.2 -empirical models [START_REF] Preisach | Über die magnetische nachwirkung[END_REF][START_REF] Mayergoyz | Mathematical models of hysteresis[END_REF][START_REF] Bobbio | A possible alternative to preisach's model of static hysteresis[END_REF][START_REF] Chevalier | Estimation of magnetic loss in an induction motor fed with sinusoidal supply using a finite element software and a new approach to dynamic hysteresis[END_REF][START_REF] Chevalier | A new dynamic hysteresis model for electrical steel sheet[END_REF][START_REF] Messal | Advanced approach for static part of loss-surface iron loss model[END_REF][START_REF] Chazal | Characterization and modeling of high-frequency behavior of nanocrystalline alloys[END_REF].

In this study, we focus on the modeling of soft magnetic materials and loss via the Loss Surface (LS) model. It is a scalar dynamic hysteresis model, which aims to consider a magnetic sheet as a whole, at the macroscopic scale. It allows the reproduction of the magnetic behavior of a material as a function of the waveform and the frequency of the excitation. It is an H(B) model, which is based on the knowledge of the induction B(t) and its temporal variation dB/dt. It follows the principle of magnetic field decomposition, in which the field H(t) (on the left of Fig. 2) is separated into two contributions, one called static H stat (at the center of Fig. 2) corresponding to the behavior in the case where dB/dt is near zero and the other called dynamic H dyn (on the right of Fig. 2) corresponding to the quantity to be added to H stat to obtain the real H. The dependence on magnetic history is attributed to the static contribution.

From the excitation B(t), the derivative is calculated numerically, and then at each time step, 2 the static and dynamic contributions are evaluated. Therefore:

H B, dB dt = H stat (B) + H dyn B, dB dt (1) 
While the static part can be modeled by any static model, the being used model is described in [START_REF] Messal | Advanced approach for static part of loss-surface iron loss model[END_REF], the dynamic part is modeled by the Loss Surface concept. This surface simply consists in giving the dynamic field H dyn (t) as a function of the average induction B(t) and its temporal derivative dB/dt:

H dyn = H dyn B, dB dt (2) 
The function H dyn (B, dB/dt) is determined entirely experimentally, using measurements on an Epstein frame, toroidal samples, or single sheet tester and then saved in a reference table, to allow the reconstruction of H dyn at all magnetic states within the measurement range either by linear interpolation, simple mathematical representation, or polynomial curve fitting. The triplets (B, dB/dt, H dyn ) thus form a single characteristic surface H dyn as a function of (B, dB/dt) (Fig. 2).

Since the LS model was created, it has been used in a posteriori mode for the calculation of magnetic losses in machines. It is associated with finite element simulations using the Altair Flux T M software to extract the B(t) shapes of each element and to apply the model to obtain the local and global losses. Several studies ( [START_REF] Chazal | Characterization and modeling of high-frequency behavior of nanocrystalline alloys[END_REF][START_REF] Li | Influence of magnetic materials on claw pole machines behavior[END_REF][START_REF] Li | An iron loss model (loss surface) for FeCo sheet and its application in machine design[END_REF][START_REF] Frias | Loss minimization of an electrical vehicle machine considering its control and iron losses[END_REF][START_REF] Messal | Iron losses in electromagnetic devices: Nonlinear adaptive mec & dynamic hysteresis model[END_REF][START_REF] Dhahbi | Calorimetric measurement and modelling of iron losses in a silicon iron current sensor[END_REF][START_REF] Frias | Improvement and validation of an iron loss model for synchronous machine[END_REF]) have already shown the ability of the model to predict satisfactorily the experimental losses. However, the particular interest in the search for high-efficiency machines in the automotive or aerospace sectors, the use of more efficient materials but also under more and more extreme conditions, motivate to revise this model, to analyze its limits, and to extend its range of validity while further improving its accuracy. In this paper, a new representation of the dynamic surface will be presented. It is facilitated by a more robust analytical function allowing not only to reproduce the experimental surface but also to extrapolate this surface to a wider range of (B, dB/dt) while facilitating the parametric identification process.

In the next part of the paper, experimental observation and analysis on the behavior of the dynamic surface within its measurable range and beyond that will be presented. It is followed by the section 3, where the process of how the new analytical function depicting the dynamic surface is formed. In the last section, the LS model powered by the new formulation will be applied in the reconstruction of dynamic hysteresis cycles of various soft magnetic materials and the iron loss assessment of an electrical machine.

BEHAVIORAL ANALYSIS OF THE DYNAMIC LS SURFACE

Measurement process of dynamic surface

To identify a dynamic surface, one needs a sequence of dynamic hysteresis cycles. As a rule of thumbs, five measurements at the same flux density amplitude B max and various frequencies or dB/dt are sufficient for the identification. Fig. 3a shows the (B, dB/dt) range of two surfaces issued from sinusoidal and triangular B(t) types of excitation. For the sinusoidal B(t), when B approaches the peak value B max , dB/dt gradually cancels and, hence, the dynamic surface range, in gray, is not fullest exploited. Whereas the triangle waveform provides constant dB/dt at all levels of B resulting in a broader range, in black. Therefore, triangle B(t) is preferable for the derivation of the dynamic surface. Besides, as dB/dt is limited by the slew rate of the measurement system, the abrupt change at the peak of B(t) is not feasible at high dB/dt. Oscillation and deformation come as sequences. In practice, the triangular B(t) should be rounded (about 10% of B max [START_REF] Vo | Novel adaptive controller for effective magnetic measurement under arbitrary magnetization[END_REF]) as in Fig. 3b. dB/dt around this area decreases leading to a smaller (B, dB/dt) range surrounded by the blue line in Fig. 3a.

The measurement system should be exploited maximum to extend the flux density amplitude B max and the maximum rate of change (dB/dt) max or in other words the (B, dB/dt) area of the LS model. Using the bench presented with a powerful waveform control in [START_REF] Vo | Novel adaptive controller for effective magnetic measurement under arbitrary magnetization[END_REF], B max can reach 95% the saturation of any materials and (dB/dt) max of an Epstein sample and a ring sample are respectively around 12000 and 50000 T/s. However, the product of B max and (dB/dt) max depends on the peak power of the measurement setup. If the dynamic surface is preferably extended in B, its high dB/dt area is not measurable and vice versa. Consequently, an adequate extrapolation technique is inevitable to derive H dyn beyond B max and (dB/dt) max (red area).

Experimental observation

Four types of electrical steel, comprising a classical non-oriented SiFe , a non-oriented thingauge SiFe, a NiFe alloy, and a CoFe alloy, are considered for the behavioral observation of the dynamic surfaces. Their main properties are listed in Table . 1. Their dynamic surfaces are sliced into H dyn (B) curves with constant dB/dt and H dyn (dB/dt) curves with constant B and shown respectively in Fig. 4 and Fig. 5.

In general, when dB/dt increases, at all levels of B, H dyn (dB/dt) curves in Fig. 5 always have increasing trending. On the other hand, despite the different degrees of noise in Fig. 4, H dyn (B) curves follow an identical pattern that can be described by a piece-wise function. Near the negative saturation, where dB/dt turns from negative to positive, H dyn raises sharply from closezero values and then varies slightly before dropping suddenly to a minimum. This is followed by an essentially increasing linear interval covering the most significant portion of H dyn (B) curves. Finally, when the maximum is reached, H dyn drops again. One can describe a dynamic surface by any function able to reproduce the increasing variation and the piece-wise variation of H dyn following dB/dt and B. Moreover, that function must extrapolate properly the variation H dyn at high values of (B, dB/dt).

Dynamic surface beyond the measurement range

In a qualitative analysis carried out in [START_REF] Vo | Modèle LS pour une meilleure prise en compte de l'hystérésis dynamique dans les matériaux magnétiques doux: amélioration, identification et validation expérimentale[END_REF][START_REF] Zouzou | Magnetic properties under unidirectional and rotational field[END_REF], it is shown that at high B and dB/dt, the dynamic losses by H dyn tend towards the losses by classical eddy currents. Two possible situations can be listed:

• Near saturation, the magnetic domains progressively disappear and the displacement of the domain walls is attributed to the rotation of the magnetic moments that are reversible and without losses. The losses are therefore only due to the classical eddy current losses [START_REF] Zouzou | Magnetic properties under unidirectional and rotational field[END_REF].

• At lower levels, magnetic domains and wall displacements still exist, but when dB/dt increases, these walls deform, multiply and spread over the surface layers of the sheet. It is equivalent to the case where macroscopic currents exist as predicted by Pry and Bean's theory [START_REF] Pry | Calculation of the energy loss in magnetic sheet materials using a domain model[END_REF] . The losses are thus mainly caused by the classical eddy current.

From the above remark, the behavior of H dyn at B near or above J sat and very high dB/dt is decided by the classical eddy currents that can be accurately modeled by finite element (FE) simulations. High values of B max and (dBdt) max can be imposed to see how H dyn behaves. A highly dynamic alloy, such as the 48NiFe (SUPRA 50: H c = 6 A/m, µ r,max = 200000 and thickness of 0.5 mm) is chosen for both simulation and experiment. For simulation because it allows neglecting static phenomena in FE simulations. For experiment because unlike SiFe or CoFe sample, measurements on this sample can be achieved up to its saturation. High dB/dt effect can also be obtained even at a few hundreds of Hz which entirely possible with our testing bench. 

Description of FE simulations

The axes x and y correspond to the thickness and length of the sheet respectively. The induction B(t) corresponds to the mean value of B in the cross-section of the sheet with adjustable amplitude and frequency. An adaptive meshing is taken to correctly consider the diffusion phenomena within the skin thickness (δ).

As for the measurements, the hysteresis cycle is constructed by considering the average induction in the sheet section and the field on its surface (the orange cycle of Fig. 6b). H dyn is obtained by subtracting the static field (or the anhysteretic field in this case) from the dynamic hysteresis cycles as by the following formula. H dyn (dB/dt) curves follow the same rising trend as the measured curves. The ratio between H dyn (dB/dt) and dB/dt is given in Fig. 7b. It has a sigmoidal shape varying between two asymptotes that can be modeled by ( 4). This indicates that above a certain level of dB/dt, the H dyn (dB/dt) curve is essentially linear with the slope defined by the second asymptote. This asymptote varies according to B.

H dyn B, dB dt = H B, dB dt -H anhys (B) (3) 
S (x) = A 2 + (A 1 -A 2 ) • • • (x, x 0 , p c ) with s(x, x 0 , p c ) = 1 1 + |x| x 0 p c x ∈ [-1, 1], x 0 ∈ (0, 1), p c > 0 (4) 
H dyn (B) curves have the same shape as the experimental curves (Fig. 7c) with a minimum and a maximum. Around and beyond ±J sat , H dyn is constant. This constant is called H dyn,sat . This term and its ratio per dB/dt as a function of dB/dt are shown in Fig. 7a,b. As can be observed, the orange and dark blue curves are perfectly linear and the linear coefficient k sat is determined by the thickness and electrical resistivity of the material by [START_REF] Bertotti | General properties of power losses in soft ferromagnetic materials[END_REF].

H dyn, sat = k sat • dB dt with k sat = e 2 p 12ρ (5) 
This coefficient is obtained by solving Maxwell's equations for a linear material [START_REF] Raminosoa | Actionneur linéaire rapide-application aux soupapes électromagnétiques[END_REF]. Indeed, when B is close to ±J sat , the sheet is fully saturated, the differential magnetic permeability at any position in the sheet tends to µ 0 and it can be considered as a linear material [START_REF] Vo | Modèle LS pour une meilleure prise en compte de l'hystérésis dynamique dans les matériaux magnétiques doux: amélioration, identification et validation expérimentale[END_REF][START_REF] Appino | Skin effect in steel sheets under rotating induction[END_REF].

In Fig. 8, the simulated H dyn (B) curves of the NiFe sample with dB/dt up to 12000 T/s are compared with the corresponding measured curves. As can be seen, they superimpose in the measured interval as dB/dt increases. Although the measurement range is limited by (B max , (dB/dt) max ), the behavior of H dyn beyond that can be predicted by the simulation results. From this study on the NiFe sample, it can be concluded that H dyn (B, dB/dt) of any material can be extrapolated to:

-B at and above ±J sat by a linear function of dB/dt using (5); -dB/dt very high by a sigmoidal function that can be identified by measurement at lower dB/dt.

MODELING OF THE DYNAMIC SURFACE

After synthesizing the general rules of the dynamic surface, in this section, a new formulation will be proposed. The dynamic field is first divided into simpler contributions that can be described by independent analytical functions. They are then recombined as a single one for the overall dynamic surface.

Separation of the dynamic field

The total magnetic field H(B, dB/dt) is divided into two components called reversible and irreversible fields. The reversible field is specified by the median curve of each hysteresis cycle (the dashed curves in Fig. 9a). The irreversible field corresponds to the difference between the total field and H rev (Fig. 9a). In the quasi-static condition, H rev (B, 0) and H irr (B, 0) corresponds to the anhysteretic field (blue dashed curve) and the envelope field (the blue curve). By replacing the two terms of H(B, dB/dt) and H stat (B) in [START_REF] Krings | Overview and comparison of iron loss models for electrical machines[END_REF] 

From this, H dyn (B, dB/dt) is described as the sum of two components: the differential reversible field H revDyn (B, dB/dt), the red arrow in Fig. 9a, and the differential irreversible H irrDyn (B, dB/dt), the blue arrow in Fig. 9b. And thus:

H dyn B, dB dt = H revDyn B, dB dt + H irrDyn B, dB dt (8) 
The H revDyn (B) and H irrDyn (B) curves at different dB/dt levels of the NiFe sample obtained through FE simulations are given in Fig. 10, and the measured curves of the studied four electrical steel sheets are presented in Fig. 10 and Fig. 11. As can be seen, the curves H revDyn (B) and H irrDyn (B) can be modeled by an odd function F and an even function G, respectively. Because F and G are symmetrical, it is sufficient to consider only their B-positive part. To model H revDyn (B) and H irrDyn (B), one can use the sigmoidal function given in (4) with A 1 being a non-integer polynomial instead of a constant and A 2 being the asymptote at J sat . The polynomial simulates the growth phase of the sigmoid with the slope and the maximum position controlled respectively by the growth rate p and the midpoint x 0 . Two typical forms of the final function are shown in Fig. 13, with y 1 = x • s(x, 0.8, 2) and F and G that can model H revDyn and H irrDyn should follow the above forms.

y 2 = (1 + x 2 ) • s(x,
F(x) = f (x) • s(x, x 0 , p) G(x) = g(x) • s(x, x 0 , p) + C with x = B J sat ∈ [0, 1] or        F(B) = f B J sat • s B J sat , B 0 J sat , p G(B) = g B J sat • s B J sat , B 0 J sat , p + C with B ∈ [0, J sat ] (9) 
C is the value of H irrDyn at J sat that equals to H dyn,sat (dB/dt). f (x) and g(x) are the sums of exponential terms, they can both be expressed by [START_REF] Preisach | Über die magnetische nachwirkung[END_REF].

y(x) = n i=1 k i (x α i -x p ) = n i=1 k i x α i -x p n i=1 k i (10) 
with α i positive exponential coefficients, k i proportional coefficients, n the number of terms, and p the growth rate of s. The term x p is added to ensure that F(1) = 0 and G(1) = C. 10 

A unique function for H dyn (B)

After testing many candidates, the best solutions for H revDyn and H irrDyn are chosen as in ( 11) and [START_REF] Bobbio | A possible alternative to preisach's model of static hysteresis[END_REF].

The general formula for H dyn (B) is obtained by choosing the same values of B 0 and p for both functions H revDyn (B) and H irrDyn (B), and summing up their two sides. In this formula, to extend H dyn (B) to the negative domain, B is replaced by its absolute value and H revDyn (B) must be multiplied by sign(B) since it is an odd function. Finally, the formula is given as in (13) with 8 parameters (A r , A i , k r , k i , α, β, x 0 and p) to be identified for each value of dB/dt. This H dyn (B) function has been tested on various materials. In the case of highly dynamic materials such as NiFe and CoFe, the function gives very good fitting results. However, this is not the case for low-loss samples, in particular NO27. For these materials, a new degree of freedom, or in other words an additional exponential term, should be added to the H revDyn (x) and H irrDyn (x) functions resulting in the last formula in [START_REF] Chevalier | A new dynamic hysteresis model for electrical steel sheet[END_REF] (the new terms are in bold). This last function of H dyn (B) has 11 parameters to identify: A r , A i , B 0 , k r1 , k r2 , k i1 , k i2 , α, β, γ and p. It allows reproducing and extrapolating H dyn (B) with very good agreement.

Correlating coefficients with dB/dt for the overall surface

At each value of dB/dt, the parameters of the corresponding H dyn (B) curve are identified using the least square fitting technique. Then, the set of parameters is correlated with dB/dt by two types of common functions in Table 2. A sensitivity study carried on the examined materials leads to general links between the parameters of H dyn (B) and dB/dt. In total, 14 coefficients are required to construct 11 parameters of each H dyn (B) curve. The final functions are given in Table 3. By replacing these functions into [START_REF] Chevalier | A new dynamic hysteresis model for electrical steel sheet[END_REF], the unique function of H dyn according to (B, dB/dt) is formulated. All coefficients are denoted by c k with the index k corresponding to the coefficient order. k ranges from 1 to 14. The final function is now tested with the NiFe sample to analyze its fitting quality and extrapolation accuracy. First, a set of FE simulation results of the NiFe sample with B max = 1.45 T and dB/dt varying between 360 and 14400 T/s are considered to construct the new LS model. This model is then used to construct H dyn (B) curves beyond the range of the identification data set. In Fig. 14a, four H dyn (B) curves with B max = 1.6 T and dB/dt varying between 30000 and 135000 T/s are reconstructed. The curves provided by the LS superimpose nearly the curves obtained by FE simulations. This result confirms the extrapolation capability of the model at high B and also high dB/dt. The same steps are repeated for the experimental data of NiFe and M330-35A samples. -In Fig. 14b, the model is identified with a data set having (dB/dt) max = 5000 T/s to verify three curves at 7000, 9500 and 12000 T/s; -In Fig. 14c, the model is identified in case of the M330-35 grade with a data set having (dB/dt) max = 6000 T/s to verify three curves at 8000, 10500 and 13000 T/s; As the measurement bench power is limited, measurements with dB/dt values as high as in FE simulations are not feasible. However, these results are still valuable and reveal that the model gives a very good accuracy to each portion of the curves.

In general, an induction amplitude B max of up to 80% of saturation is sufficient for the identification of the dynamic model. High-frequency measurement should be preferred to high amplitude measurement. And, at least five hysteresis cycles at different frequency are required for the correct parameter identification. These cycles can have as low as 200 samples per period.

EXPERIMENTAL VALIDATION

The dynamic and static LS models are now combined to construct the dynamic hysteresis cycles of various materials and predict iron losses of an electrical machine.

Intrinsic magnetic measurements

Due to a huge amount of experimental data, only a few significant results are presented. The iron losses of sinusoidal B(t) are first exclusively examined. The loss curves and loss deviation curves of the NiFe sample for the frequency varying from 50 Hz to 4 kHz are also provided in Fig. 15 a,b. The loss deviation is the relative difference expressed in percentage between the estimated and measured loss values, the later being taken as reference. The average loss deviation of all points (B, f ) of all samples investigated is given in Table 4. As can be seen, the predicted magnetic losses by the LS model are particularly accurate. Indeed, the average loss deviation is always less than 5% for all materials.

Some hysteresis cycles can be found in Fig. 15. In figure c, triangular B(t) was applied to the NiFe specimens and dB/dt are constantly kept at 2400 T/s for all measurements. This rate of change corresponds to a 1.5 T -400 Hz triangle and a 0.1 T -6000 Hz triangle. As can be observed, all hysteresis cycles are modeled with high accuracy. The average value of the absolute loss deviation is 4.7%. Then, for the same material, the hysteresis cycles of sinusoidal B(t) at 1000 Hz are reproduced by the LS model with an average loss deviation of 3.9% in figure d.

In the last two figures, sinusoidal excitation with additional high order harmonics are tested respectively for the NiFe, M330-35A samples. The excitation is denoted as Hx-y-z-w, with x, y, z and w are respectively the rank of the added harmonic, the amplitude percentage of this harmonic comparing to the fundamental frequency, the phase difference between the two components and the amplitude of the excitation. They all gives really high agreements. It should be noted that the NiFe sample is a highly dynamic and its dynamic field depends strongly on the magnetic history, as is the static field. The loss surface, identified using B(t) triangle with high amplitude, typically overestimates the dynamic field of minor hysteresis loops. All results presented in Fig. 15c,d,e, and f are given by a model that takes some measurements at low amplitude of B(t) as additional data for the parametric identification.

Practical electromagnetic application

The LS model is now applied to estimate the iron losses of a high-speed permanent magnet synchronous motor (PMSM) provided by Moving Magnet Technologies (MMT). The design of the machine was published in [START_REF] Gilson | Design of a cost-efficient high-speed highefficiency pm machine for compressor applications[END_REF]. It is a high-speed PMSM for compressor applications. A prototype has been built to validate the design procedure. Its specifications can be found in Table 5. 13 4.2.1. LS model for the iron loss estimation of the motor The 0.2 mm thin-gauge non-oriented SiFe alloy, NO20, was used for the stator part of the motor. This material was characterized and then represented by the Loss-Surface model. For the model identification, the following set of data was used.

-the static part: five hysteresis cycles measured at 10 Hz with an amplitude varying from 0.1 T to 1.7 T, -the dynamic part: five dynamic hysteresis cycles measured at frequencies varying between 50 Hz and 2 kHz with an amplitude of 1.5 T As for the other materials, the NO20 model was tested with:

-sinusoidal B(t) from 50 to 4000 Hz and from 0.1 T to 1.5 T.

-waveform with added harmonics (H3, H5, H11) at 0.5, 1.0, 1.5 T and 500 Hz. The iron loss estimation was performed resulting an average relative deviation of 3% in the first case and 2% in the second case. More results are presented in [START_REF] Vo | Modèle LS pour une meilleure prise en compte de l'hystérésis dynamique dans les matériaux magnétiques doux: amélioration, identification et validation expérimentale[END_REF].

By applying this LS model, the iron losses of the motor were predicted to be 23 W. This value was far below the measured value of 98 W. As a result, the efficiency of the motor was only 94% in practice instead of the predicted 96%. A difference of more than 300% in iron losses is really abnormal and cannot be totally attributed to the LS model itself. In addition, given the power rating and the compactness of the high-speed machine, this magnitude of losses is significant and essentially conditions the choice of the motor cooling system. Therefore, a study on the manufacturing process of this motor was performed to find the causes of the difference in the iron loss estimation. This also allows to re-evaluate the accuracy of the LS model and to avoid possible additional losses.

Root cause analysis of the deviation in iron losses

In terms of experimental loss characterization, the no-load losses were measured by the acceleration method described in [START_REF] Gilson | Design of a cost-efficient high-speed highefficiency pm machine for compressor applications[END_REF]. The power balance is given in [START_REF] Messal | Advanced approach for static part of loss-surface iron loss model[END_REF]. P = P iron + P bearing + P windage [START_REF] Messal | Advanced approach for static part of loss-surface iron loss model[END_REF] with: P iron , P bearing and P windage respectively the iron, bearing, and windage losses.

Because the no-load and bearing losses are measured with high reliability and the windage loss is small, the discrepancy observed on iron losses must come from the predicted value. This prediction can be affected by two possible causes:

-Influences of the punching and bonding process on the iron loss of the lamination are not negligible as the width of the rotor yoke and teeth are very low, 7.2 mm.

-Some details of the stator structure are not taken into account in the FE simulations. Three holes of 1.5 mm diameter and one hole of 3 mm diameter are cut respectively in the center and the outer edge of the section of each stator block for rivets and bars intended for assembling metal sheets (Fig. 16). This assembly method is simple but can cause extra iron losses in the machine. In fact, without an insulation layer, short circuits between the rivets, the stator frames, and the metal sheets of the stator can remain creating extra losses in the machine.

Therefore, P iron in ( 15) is, in fact, the sum of different elements as in [START_REF] Chazal | Characterization and modeling of high-frequency behavior of nanocrystalline alloys[END_REF].

P iron = P iron,0 + P cutting + P assembly + P eddy-rivet [START_REF] Chazal | Characterization and modeling of high-frequency behavior of nanocrystalline alloys[END_REF] with: P iron,0 , P cutting , P assembly and P eddy-rivet are respectively the intrinsic iron loss of NO20 samples (which can be predicted accurately by the LS model considering the practical waveform of B), the additional losses due to the cutting by the wire electrical discharge machining (EDM), due to the assembly by rivets and outer bars, and due to eddy currents within the short circuit created by rivets and bars.

Solution and results

The intrinsic iron losses are measured by an Epstein frame whereas the influences of cutting and assembly are studied by the measurement of losses in toroidal samples with different magnetic sections [START_REF] Vo | Modèle LS pour une meilleure prise en compte de l'hystérésis dynamique dans les matériaux magnétiques doux: amélioration, identification et validation expérimentale[END_REF]. A LS model is then derived to take into account the above influence based on the approach of [START_REF] Manescu | Influence of mechanical and water-jet cutting on the dynamic magnetic properties of NO Fe-Si steels[END_REF]. Fig. 17 and Fig. 19 illustrate a comparison between the local induction amplitude and iron losses of two cases:

-The first one which does not take into account small details of the geometry and uses the basic LS Model identified by the Epstein frame to predict the losses (Fig. 17a and Fig. 19a); -And, the second one which takes into account the rivets, bars and short circuits between them and uses the LS model including cutting and assembly influences. (Fig. 17b and Fig. 19b);

The second maps of each figure show clearly the deterioration of the induction distribution and the local iron losses due to the cutting and assembly methods, especially around the rivets. As can be seen, in the simple geometry, the induction is quite homogeneous, it is globally near 1 T as designed. However, in the complete geometry, it is not the case, the material is saturated around the rivet. One can observe the distorted waveform of B(t) at a point close to the rivets as illustrated in Fig. 18. The major vector of B(t) appears strongly distorted and saturated.

The losses induced by eddy currents in rivets and bars are calculated in FE simulations by taken these elements into the machine geometry. The results obtained are illustrated in Fig. 20 in form of an area chart. The horizontal axis is the rotational speed of the machine and the vertical axis is the contribution of each loss component. The total losses by three additional unpredicted components (by cutting, assembly, and eddy currents between rivets and bars) are double the intrinsic iron loss P iron,0 . This explains the discrepancy obtained between the total loss before this study P total, be f ore given by [START_REF] Messal | Advanced approach for static part of loss-surface iron loss model[END_REF].

All components are summed up to have the prediction of no-load losses, the red curve P total,a f ter . As can be seen, this curve is now very close to the measured curve (back dashed curve). The deviation is lower than 14% at any speed. This is considered a big improvement, especially when one compares the prediction curve of before (blue curve) with the measurement. This improvement in prediction is achieved thanks to the accuracy of the LS model, the consideration of influences of the manufacturing process, and the defect of the assembly method (rivets and bars). If the motor is assembled by a non-destructive method, by glue, for example, at least P eddy-rivet and a part of P assembly can be eliminated which is equivalent to more than 1% of the rating power at 80000 rpm.

Besides, the difference between the estimated and measured losses can also be referred to the effects of induced mechanical stresses (due to significant centrifugal forces) on the iron losses (in the rotor core) at such high speeds. This idea will be further investigated in the future.

CONCLUSIONS

The dynamic LS model was reformulated by a sigmoidal type function. This function, in its simplest form, was found by comparing experimental results with those from eddy current simulation of the 48NiFe -SUPRA 50 sample. Other degrees of freedom are then added to generalize the function. Thus, the dynamic surfaces of the tested material are described with high accuracy. In addition, this unique formula can extrapolate the dynamic surface at high frequency and high induction. The extrapolation is physically based and validated by experiments. Due to the extrapolation capability of the new formula, it is not necessary to measure dynamic cycles near saturation. As a general rule, an induction amplitude of 80% of saturation is sufficient for the identification of the dynamic model. High-frequency measurement should be preferred to high amplitude measurement. In this paper, the model was applied to evaluate the iron losses in a high-speed motor, which together with the study of the impact of manufacturing reduced the deviation between the measured and estimated losses from over 300% to less than 14%. To motivate the use of the LS model, in Altair Flux T M , one can find a model database for many typical materials used in the electrical machine domain, and as well as a tool to identify this model of any material. These database and tool are today under revision to include this new model formulation. 
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 12 Figure 1: Classification of iron loss models.

Figure 3 :

 3 Figure 3: (a) (B, dB/dt) range of the dynamic surface identified from different B(t) waveforms, (b) Normal and rounded triangle B(t).
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 56 Figure 5: H dyn (dB/dt) curves of four materials.
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 7 Figure 7: Simulation results of the NiFe sample: (a) H dyn (dB/dt), (b) H dyn dB/dt (dB/dt), (c) H dyn (B).

Figure 8 :

 8 Figure 8: Comparison between the measured and simulated H dyn (B) curves of the NiFe sample.
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 910 Figure 9: (a) Dynamic and static field notions, (b) H irrDyn (B). H anhys and H env comp are introduced in the Static LS model (dB/dt = 0).
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 11 Figure 11: Experimental H revDyn (B) curves of four materials.
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 1213 Figure 12: Experimental H irrDyn (B) curves of four materials.
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 14 Figure 14: Comparison between the measured and simulated Hdyn(B) curves of the NiFe and M330-35A samples.
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 1516 Figure 15: Comparison between measured and reconstructed iron losses and hysteresis cycle of NiFe and M330-35A samples.

Figure 17 :

 17 Figure 17: Induction amplitude maps, (a) Simple geometry + LS Epstein, (b) Complete geometry + LS Epstein + cutting + assembly.
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 18 Figure 18: Major and minor vector of induction as a function of time of the complete geometry at a point near a rivet.
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 1920 Figure 19: Iron loss maps, (a) Simple geometry + LS Epstein, (b) Complete geometry + LS Epstein + cutting + assembly.
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Table 1 :

 1 Properties of examined materials

		M330-35A	NO27	SUPRA 50 NiFe48	AFK1 CoFe
	J sat (T)	1.97	1.9	1.55	2.4
	Thickness (mm)	0.35	0.27	0.5	0.4
	Resistivity (µΩcm)	42	59	45	20
	P 1.5T/50Hz (W/kg)	3.3	2.2	2.5	5.7
	P 1.5T.400Hz (W/kg)	57.9	31.0	58	101
	H 1.5T/50Hz (A/m)	1400	1300	800	800
	Sample type	Epstein frame	Epstein frame	Epstein frame	toroids

2.3.2. H dyn reproduced by FEM simulations

Fig.

7

shows H dyn (B) and H dyn (dB/dt) curves for B max = 1.8 T (> J sat = 1.55 T ).

  with new terms, H dyn becomes:

		H dyn B,	dB dt	= H rev B,	dB dt	+ H irr B,	dB dt
					-[H rev (B, 0) + H irr (B, 0)]
	= H rev B,	dB dt	-H rev (B, 0) + H irr B,	dB dt	-H irr (B, 0)

  0.8, 2).

	B	
		H dyn
	H irr	
		H
		H(B, dB/dt)
		H stat (B)
	H revDyn	H rev (B, dB/dt) H anhs (B)
	H	
	H irr (B, dB/dt)	
	H	
	irrDyn	
		dB/dt dB/dt
		augmente increases
		B

Table 3 :

 3 Functions of the parameters of H dyn (B) as a function of dB/dt.

	Parameter	Final coefficients	Function

Table 4 :

 4 Average iron loss deviation given by the LS model.

	Material	Range of B (T)	Range of f (Hz)	Average (%)	deviation
	M330-35A	0.1-1.6	50-4000	3.99	
	NO27	0.1-1.5	50-4000	3.04	
	NiFe Supra 50	0.1-1.5	50-4000	4.65	
	CoFe AFK1	0.1-2.1	50-4000	4.8	
		22			

Table 5 :

 5 Specification of the motor.

	Nominal power	3 kW
	Nominal speed	80000 rpm
	Electric frequency	1333 Hz
	Number of phases	3
	Number of poles	2
	Number of slots	6
	Stator lamination	NO20 cut by wire EDM
	Magnet	Sintered Nd-Fe-B
	Winding	Three-phase winding in series and wye connection
	Position sensor	-3 Hall sensor
		-Sin/cos encoder
	Bearing	High-speed hybrid ceramic ball bearings
	Cooling system	Water cooling
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