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Introduction

Nowadays, the design of an electrical machine -whether it is a transformer or a rotating machine -can be achieved my means of several methods such as analytical methods, lumped parameter equivalent circuit, finite element method, etc. Whatever method is involved, one of the Achilles heel lies in the behavioral model that is used to represent the constitutive equations, in particular the relation between the magnetic field H and the magnetic flux density B. Several behavioral models are reported in the literature, each one allowing to take into account, or not, different kind of phenomena, such as non linearity, hysteresis, rotational magnetization, anisotropy, etc [START_REF] Tumanski | Handbook of Magnetic Measurements[END_REF]. In fact, when it comes to designing an electrical machine, using a behavioral model accounting for rotational magnetization and/or anisotropy can be a key point, and such a model has to be built on relevant measurements made with a two-dimensional characterization device [START_REF] Tumanski | Handbook of Magnetic Measurements[END_REF][START_REF] Sievert | Two-dimensional magnetic measurements -history and achievements of the workshop[END_REF].

From the 80s, numerous works have been done on the subject, and several two-dimensional characterization devices can be found in the literature (de la [START_REF] De La Barriere | 1-D and 2-D Loss-Measuring Methods: Optimized Setup Design, Advanced Testing, and Results[END_REF], each one having its pros and cons. An unfortunate consequence of that large variety of devices, in terms of topologies and geometries, is that it is difficult to set a standard, such as those that exist for the Single Sheet Tester (SST) (IEC, 1992) or the Epstein Frame (IEC, 2008).

The horizontal Rotational Sheet Tester (RSST), originally introduced in [START_REF] Brix | Measurements of the rotational power loss in 3% silicon-iron at various frequencies using a torque magnetometer[END_REF][START_REF] Brix | Method for the measurement of rotational power loss and related properties in electrical steel sheets[END_REF], has been widely studied since then [START_REF] Enokizono | Rotational power loss of silicon steel sheet[END_REF][START_REF] Zhu | Two dimensional measurement of magnetic field and core loss using a square specimen tester[END_REF][START_REF] Salz | A two-dimensional measuring equipment for electrical steel[END_REF][START_REF] Hasenzagl | Novel 3-phase excited single sheet tester for rotational magnetization[END_REF][START_REF] Makaveev | Accurate field strength measurement in rotational single sheet testers[END_REF][START_REF] Sievert | Study of the counterclockwise/clockwise (CCW/CW) rotation problem with the measurement of 2-dimensional magnetic properties[END_REF][START_REF] Maeda | Study of the Counterclockwise/Clockwise (CCW/CW) Rotational Losses Measured with a Two-dimensional Vector Magnetic Property Measurement System[END_REF]. It suffers from three main issued. Firstly, the small size of the test sample, which is an issue in case of grain oriented electrical steel sheet with large grains. Secondly, the flux leakage between the adjacent salient poles, as reported in [START_REF] Makaveev | Accurate field strength measurement in rotational single sheet testers[END_REF]. Thirdly, the high non-homogeneity of both H and B [START_REF] Tumanski | New design of the magnetising circuit for 2D-testing of electrical steel[END_REF][START_REF] Leite | Analysis of a rotational single sheet tester using 3D finite element model taking into account hysteresis effect[END_REF].

Another approach allowing to overcome this drawback consists in considering a topology similar to a conventional three-phase induction machine, the rotor being simply replaced by a round-shape test sample [START_REF] Wanjiku | Design Considerations of 2-D Magnetizers for High Flux Density Measurements[END_REF][START_REF] Wanjiku | Design of a Sinusoidally Wound 2-D Rotational Core Loss Setup With the Consideration of Sensor Sizing[END_REF][START_REF] Akiror | Rotational Core Loss Magnetizer: Design and Measurements[END_REF]. A variant of this topology consists in magnetizing the same kind of round-shape test sample by a system of electromagnets working as a Halbach array of magnets [START_REF] Wanjiku | Design Considerations of 2-D Magnetizers for High Flux Density Measurements[END_REF][START_REF] Wanjiku | Design of a Sinusoidally Wound 2-D Rotational Core Loss Setup With the Consideration of Sensor Sizing[END_REF][START_REF] Yue | Considerations of the Magnetic Field Uniformity for 2-D Rotational Core Loss Measurement[END_REF]. Nevertheless, in both cases the homogeneity remains an issue.

The vertical RSST has been introduced in the early 90s [START_REF] Sievert | The measurement of rotational power loss in electrical sheet steel using a vertical yoke system[END_REF][START_REF] Zouzou | Magnetic properties under unidirectional and rotational field[END_REF][START_REF] Enokizono | Magnetic field analysis of rotational loss tester with vertical yoke[END_REF] but is still under consideration in recent publications [START_REF] Fonteyn | Numerical and experimental results from a vertical yoke system for measuring magnetic properties of Fe-Si steel sheets[END_REF][START_REF] Li | Design of a novel high frequency 2-D magnetic tester with nanocrystalline material[END_REF][START_REF] Yue | Considerations of the Magnetic Field Uniformity for 2-D Rotational Core Loss Measurement[END_REF]Yue et al., 2019a). It derives from the standardized SST. According to the literature, the advantages of this setup are numerous. Firstly, its ease of implementation due to similarities to the standardized SST. Secondly, a better homogeneity of H and B in the middle of the test sample (de la [START_REF] De La Barriere | 1-D and 2-D Loss-Measuring Methods: Optimized Setup Design, Advanced Testing, and Results[END_REF]. Thirdly, it allows to reach higher flux density levels in the test sample than the horizontal SST [START_REF] Fonteyn | Numerical and experimental results from a vertical yoke system for measuring magnetic properties of Fe-Si steel sheets[END_REF][START_REF] Miyagi | Development of Measurement System of Magnetic Properties at High Flux Density Using Novel Single-Sheet Tester[END_REF]. It has to be noted that each publication related to that device brings its own setup in terms of numbers and dimensions of the yokes as well as on dimensions of sensors [START_REF] Nencib | 3D analysis of a rotational loss tester with vertical yokes[END_REF][START_REF] Nencib | 2D analysis of rotational loss tester[END_REF]Nencib et al., 1996b;Nencib et al., 1996a;[START_REF] Dalton | A two-dimensional single sheet tester incorporating controlled magnetization direction[END_REF][START_REF] Tumanski | Measuring system for two-dimensional testing of electrical steel[END_REF]. Nevertheless, the trend emerging from all those publications is that the larger the yokes width, the better. Indeed, in [START_REF] De Wulf | Design and calibration aspects of small size single sheet testers[END_REF] the authors evaluate the accuracy of miniature SSTs dedicated to the characterization of small size test samples and highlight a difference with the results obtained using an Epstein frame that can be up to 5 %. The same trend is highlighted on vertical RSSTs in [START_REF] Nencib | 3D analysis of a rotational loss tester with vertical yokes[END_REF][START_REF] Nencib | 2D analysis of rotational loss tester[END_REF]Nencib et al., 1996b). Moreover, larger yokes allow to properly characterize larger test samples [START_REF] Sievert | The measurement of rotational power loss in electrical sheet steel using a vertical yoke system[END_REF], the latters allowing to "eliminate the influence of the demagnetizing field" [START_REF] Tumanski | Handbook of Magnetic Measurements[END_REF]. However, the standards relative to the regular SST (IEC, 1992;IEC, 2018) allow the use of yokes of any size "as long as the relevance of the results is ensured". To the authors' knowledge, almost no quantitative study of the influence of those parameters in the homogeneity of the field seen by the sensors has been published except in [START_REF] Nencib | 3D analysis of a rotational loss tester with vertical yokes[END_REF][START_REF] Nencib | 2D analysis of rotational loss tester[END_REF]Nencib et al., 1996b) in which the focus is made on the deviation of the mean value in the very center of the sample only. Above all, in all of the aforementioned studies, no link is made between the non homogeneity of the fields in the sample and the actual value that would be measured with actual sensors, which is after all the most important when characterizing a material. In particular, none of those works takes into consideration that the sensors employed to evaluate H and B are not of the same dimensions nor do they account for the fact that the more often B is evaluated by means of a coil requiring to drill the test sample. Yet, there is no doubt those holes are of great influence. This is the aim of this paper which is divided into four sections. In the first one, the studied device as well as the protocol are introduced. In the second section, the influence of the yokes' size on the homogeneity of both H and B in the sample is assessed. In the third section, the studied area are restricted to those that would be covered by actual sensors. Finally, the influence of drilled holes in the test sample is addressed in the fourth section.

2 Topology of the studied vertical RSST and finite element model Varies between 20 mm and 50 mm D b 1 mm of two C-shape cores (see Fig. 1b) arranged along each side of the test sample. Due to geometrical constraints and for the sake of magnetic balance between the two yokes, the two cores share every dimensions W yl , W y and T y but the height H y (see Fig. 1a). The test sample is square with side and thickness denoted W s and T s respectively. The layout of the sensors is presented in Fig. 1c. The H-coil is square-shaped with a size denoted W h and is placed in the middle of the test sample. Holes of diameter denoted D b are drilled in the test sample in order to place the B-coil. The latter has a thickness equal to D b and its width is denoted W b . All dimensions are summarized in table 1.

The finite element simulations are conducted using the softwares GMSH [START_REF] Geuzaine | Gmsh: A 3-D finite element mesh generator with built-in pre-and post-processing facilities[END_REF] and GetDP [START_REF] Dular | A general environment for the treatment of discrete problems and its application to the finite element method[END_REF]. The model is fully 3D which leads to meshes made of an important number of tetraedra. As examples, the smallest (cases where T y = 75 mm) and biggest (cases where T y = 200 mm) meshes are made of 265 000 and 632 000 tetraedra respectively. Please note that emphasis is put on the test sample, which is meshed with three layers of elements in its thickness. As for the resolution of the problem, the magnetostatic scalar potential formulation is used instead of the vector potential formulation for time computation reduction. The yokes are considered to have a linear behavior with a relative permeability equal to 10 000. Moreover, the nonlinear behavior of the test sample is taken into account by means of its first magnetization curve. In the following, the test sample is made of M260 electrical steel whose first magnetization curve is presented in Fig. 3. Finally, for the sake of both clarity and relevance of the analysis, only the worst case in terms of field homogeneity in the test sample, that is the case in which the latter is magnetically excited along its diagonal, is considered and presented.

3 Field homogeneity inside the test sample

Context

In this section, no sensor is considered and the holes (see Fig. serve that they are widely inhomogeneous. To take the analysis a step further, Fig. 3 shows the values of both H and B occurring in different areas of the test sample for different levels of magnetization, still with T y = 200 mm. The first magnetization curve of the M260 electrical steel is also shown, in black, for information purpose. It can immediately be noted in this figure that both H and B inside the whole test sample, shown in blue, are widely heterogeneous due to its large size as well as due to the topology of the RSST. Indeed, whatever the excitation value, very low magnetic flux occurs in the corner regions of the sample. However, high magnetic flux values occur at the junction between the cores and the test sample. One might consider that this is not so much an issue since an actual sensor would only cover a small area (a few cm 2 ) of the test sample. As an illustration, the red marks in Fig. 3 show the values of H and B occurring in a square area with a size of 50 mm located at the center of the test sample. As expected, the field distribution inside this area is way more homogeneous. Nevertheless, Fig. 3 clearly highlights that even inside such a limited area the heterogeneity is still noticeable. Moreover, the mean values of H and B, which correspond to the values that would be given by an actual square-shaped sensor of 50 mm of side, do not match ∥H center ∥ and ∥B center ∥. This will be addressed in Section 4.

Influence of the core length T y

In order to study the influence of T y on the homogeneity of H and B, let's still consider a square area with a size of 50 mm (i.e. 3).

The first conclusion that can be drawn from Fig. 4 is that no matter the value of T y nor the value of the magnetization level, outliers are always present. There is no doubt those outliers have an influence on the value given by actual sensors. The second conclusion is that the homogeneity of both H and B increases with T y , even if it may be noted that as soon as T y is superior to half the width of the test sample the results are much the same.

In view of these results, it appears that the relevance of measurements made on this kind of RSST will be greatly improved by using the largest core length T y possible.

Fields Seen by actual H-coils and B-coils

As mentioned in section 3.1, the homogeneity inside a small square-shaped area located at the middle of the test sample, which corresponds to the area covered by a typical H-coil (see Fig. 1c), can be suitable. However, a B-coil is not square-shaped. Then, in the present section, we focus on the distribution of H Let ⟨∥H H-coil ∥⟩ and ⟨∥B B-coil ∥⟩ be the mean values of H and B seen by the H-coils and the B-coils respectively. As previously mentioned, ⟨∥H H-coil ∥⟩ and ⟨∥B B-coil ∥⟩ represent the values that would be given by actual sensors. In order to study the influence of the field heterogeneity on those values, they are compared to ∥H center ∥ and ∥B center ∥ respectively. The variation of the relative error ϵ X = 100 ⟨∥X X-coil ∥⟩-∥Xcenter∥ ∥Xcenter∥ , where the subscript "X" is either "H" or "B", with respect to T y is presented in Fig. 5.

It confirms that larger values of T y lead to a higher homogeneity whatever the values of W h and W b . This clearly appears in Figs. 5a and5b. Figure 5c, as for it, may suggest that T y = 125 mm gives lower error values. However, the error values have to be considered globally, i.e. on the whole magnetization range. Actually, the maximum values of ϵ H and ϵ B are 0.66 % and 0.19 % for T y = 125 mm whereas they are 0.54 % and 0.31 % for T y = 200 mm (with W h = W b = 50 mm). Figure 5 also highlights that small size of sensors leads to small values of the relative error, which was expected. However, the divergence of both ϵ H and ϵ B with W h and W b is very low (under 1 %) which means that sensors of a size of 50 mm can provide a relevant measurement. This is a main outcome for the vertical RSST compared to the horizontal RSST when it comes to characterize grain oriented electrical steel given that the size of a grain of such a material can be up to a few cm [START_REF] Qiu | Characterization of applied tensile stress using domain wall dynamic behavior of grain-oriented electrical steel[END_REF] and that a relevant measurement requires that the sensors cover between 4 and 6 grains [START_REF] Walpole | Evaluation of the elastic moduli of a transversely isotropic aggregate of cubic crystals[END_REF].

5 Influence of holes -Link to actual measurements

With B-coil and H-coil sharing the same width

The results shown in Fig. 5 lead to the conclusion that the size of the sensors does not significantly impact the relevance of the value of ⟨∥H H-coil ∥⟩ and ⟨∥B B-coil ∥⟩, and thus the relevance of the measured values. However, the holes drilled into the test sample for the placement of the B-coils were not taken into account.

There is no doubt that the local saturations that will occur in their vicinity will impact the homogeneity of the fields seen by both the H-coils and the B-coils.

For the sake of relevance of the comparison, the conditions remain the same as in section 4, i.e. W h = W b , with addition of holes flush to the H-coil (W g = 0 mm) in the test sample (see Fig. 1c). Fig. 6 shows the variations of ϵ H and ϵ B in such conditions with respect to T y . Two main conclusions can be drawn from the comparison between Figs. 5 and 6. Firstly, the holes have a non negligible impact on ⟨∥H H-coil ∥⟩ and ⟨∥B B-coil ∥⟩ since the values of ϵ H and ϵ B are now up to 3 % and 4 % respectively (see Fig. 6c). Secondly, using the largest sensors (W h = W b = 50 mm) globally, i.e. over a wide magnetization level band, lead to the lowest values of ϵ H and ϵ B . These outcomes strengthens the conclusion drawn in section 4 about using large sensors.

Influence of the distance between the holes and the H-coil

The results previously presented highlighted the influence of the holes on the accuracy of the values provided by the sensors. Given that the local saturation appearing in the vicinity of holes are responsible for the increase of ϵ H and ϵ B and that in section 5.1 the H-coils are flush to the holes, this section focuses on the impact of W g (see Fig. 1c). The variation of ϵ H with W g is shown in Fig. 7. The conclusions that can be drawn are twofold. Firstly, the values provided by the two largest sensors are not impacted by W g . Secondly, W g has an impact when using a small sensor. As shown in Fig. 7a, it is possible to significantly reduce ϵ H under 1 % by drastically increasing W g . However, from a practical point of view, this is not a solution due to the difficulty of manufacturing and the very low signal level that such small size H-coils are able to generate. 

Conclusion

The work presented in this paper highlights that the accuracy of the results given by a vertical RSST largely depends on several geometrical parameters, such as the width of the yokes used to magnetize the test sample, the dimensions of the sensors -H-coils and B-coils -as well as the presence of the holes required for the placement of the B-coils. The study is focused on the homogeneity of both the magnetic field and flux density seen by the sensors since they are of great influence on the values reported by them.

Firstly, the influence of the width of the yokes is addressed in section 3. On that topic, it is usually reported in the literature that "the larger the better". Nevertheless, the results presented in this section show that this conclusion is not entirely correct since no significant improvement can be seen regarding the homogeneity of the field seen by the sensors as soon as the width the the yokes is greater than half the width of the test sample. In practice, this allows for a reduction of the size -and thus the cost -of the RSST.

Secondly, the influence of the sensors size is addressed in section 4. Keeping in mind that the homogeneity of the fields seen by the sensors is a key point, it seems natural to choose them as small as possible. On that topic, it is reported in [START_REF] Zurek | Characterisation of Soft Magnetic Materials Under Rotational Magnetisation[END_REF] that the size of an H-coil depends on the zone of interest which is why even if a commonly used size for rotational measurements is around 20 mm × 20 mm some researchers use 50 mm × 50 mm sensors. The results presented in section 4 show that in the case when a non intrusive method, i.e. a method that does not require any drilled hole in the test sample such as the needle-based method [START_REF] Tumanski | Handbook of Magnetic Measurements[END_REF], is used for the measurement of B, the size of the sensors does not really matter. Then, the best option is to use a 50 mm × 50 mm H-coil, for two reasons. Firstly, it will allow for taking into account of more grains than smaller sensors. While this is not an issue in the case of test sample made of non oriented steel, it becomes a key point when it comes to deal with grain oriented steel since a relevant measurement requires that the sensors cover between 4 and 6 grains while the size of a grain of such a material can be up to a few cm. Secondly, a large H-coil allows for more turns which lead to higher output signals, and thus an easier signal conditioning.

Finally, the influence of the holes drilled in the test sample to place the Bcoil is addressed in section 5. The results presented in this section show that the presence of holes can be an issue when using small sensors, but has no impact on the results provided by a 50 ×50 mm H-coil with a 50 mm B-coil, which support the choice of "big" sensors.
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  Figure 1: Studied vertical RSST. Source: authors own work

  W h = W b = 50 mm) located at the center of the test sample. The values of H and B inside this area with respect to T y are represented as box and whisker plots in Fig. 4. T y varies from 75 mm to 200 mm in increments of 25 mm and three different magnetization levels at the very center of the test sample are studied: ∥B center ∥ ∈ {0.35 T; 0.75 T; 1.55 T}. Those three values are chosen for their relevance: ∥B center ∥ = 0.35 T corresponds to a low magnetization level, i.e. the beginning of the linear part of the first magnetization curve, ∥B center ∥ = 0.75 T corresponds to the middle of the linear part of the first magnetization curve, and ∥B center ∥ = 1.55 T corresponds to the post knee area (see Fig.
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 23 Figure 2: Distribution of H (left) and B (right) inside the test sample for ∥Bcenter∥ = 0.75 T (top) and ∥Bcenter∥ = 1.55 T (bottom). Source: authors own work

  ∥Bcenter∥ = 0.35 T at the center of the test sample. ∥Bcenter∥ = 0.75 T at the center of the test sample.
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 4 Figure 4: Values of ∥H∥ and ∥B∥ under the statistical box plot analysis, obtained by FEM simulation inside a square area of size of 50 mm located at the center of the test sample with respect to Ty for different values of ∥Bcenter∥. Source: authors own work
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 567 Figure 5: Variation of ϵ H and ϵ B with respect to Ty when B-coils holes are not taken into account. Source: authors own work

  

Table 1 :

 1 Dimensions of the vertical RSST. Source: authors own work

	Name Value
	W s	300 mm
	T s	0.35 mm
	W yl	20 mm
	W y	290 mm
	H y	150 mm (Small core) or 200 mm (Tall core)
	T y	Varies between 75 mm and 200 mm
	W h	Varies between 20 mm and 50 mm
	W b