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The increasing number of intermittent renewable energy sources places the electric grid stability at risk. A larger number of driven nodes able to provide a real-time control of energy fluxes in critical points is a potential solution for improving this issue. Solid-State Transformers (SSTs) can be used for this purpose. So far, the most common used technology involves high frequency transformers made with ferrite, nanocrystalline or amorphous cores associated to complex converters. Alternatively, simple converters operating in square wave voltages combined to medium-frequency transformers (MFTs) can be used. The paper reports about such solution of a power MFT built with a Grain-Oriented Electrical Steel (GOES) wound core and a low-cost topology able to deal with high voltage and high current levels operating at high temperature.

I. INTRODUCTION

The growing part of intermittent renewable energy sources (wind turbines, solar power plants) places the grid stability at risk. Active nodes made with SSTs at the interconnection between the intermittent sources are able to provide real-time energy flows adjustments and a better grid stability [START_REF] Huber | Volume/weight/cost comparison of a 1MVA 10 kV/400 V solid-state against a conventional low-frequency distribution transformer[END_REF]. High power transfers can be performed with several SST cells associated together. This concept is generating increasing interest due to advantages it offers compared to the limitations of the 50/60 Hz transformers [START_REF] Dujic | Power electronic traction transformer technology[END_REF]. The compactness of the SSTs and the possibility to split the SST cells raise interest also for railway traction applications [START_REF] Zhao | Power electronic transformer (PET) converter: Design of a 1.2MW demonstrator for traction applications[END_REF]. Currently available SSTs operate at high frequencies (over 10 kHz) with transformers based on ferrite, nanocrystalline or amorphous magnetic material cores [START_REF] Ababsa | High-Temperature Magnetic Characterization Using an Adapted Epstein Frame[END_REF].

In a railway traction chain, SST's medium-frequency transformer is one of the critical components, because it provides the required insulation between the primary and secondary sides and the voltage conversion generally required for the system's operation. A complete optimization procedure is necessary to find an optimal transformer design that maximizes power density and efficiency while respecting material limits such as temperature, flux density and dielectric strength as well as external dimensional limits [START_REF] Leibl | Design and experimental analysis of a medium-frequency transformer for solidstate transformer applications[END_REF].

The paper describes an alternative solution of SST operating at medium frequency (several kHz) with a transformer built around a grain oriented electrical steel (GOES) wound core. GOES offers the possibility to operate at high peak flux densities and its mineral coating withstands high temperatures enabling operation up to 500°C without any significant decrease in its magnetizing capability [START_REF] Hamdinou | Potentiel des aciers électriques à grains orientés pour la réalisation de transformateurs compacts à forte densité de puissance[END_REF]. At medium frequencies, GOES losses are lower for square voltages than for sine ones for the same frequency and peak flux density [START_REF] Ichou | Assessments of High-Power Solid State Transformers based on Grain-Oriented magnetic cores[END_REF]. Consequently, converter topologies can be simple, offering the opportunity for low switching losses [START_REF] Ichou | Assessment of a grain oriented wound core transformer for solid state converter[END_REF].

The paper reports on the performance of GOES wound cores for such applications in terms of operating frequency, flux density and temperature. The inner temperature of the winding is considered as the limiting parameter.

II. MODULAR STRUCTURE FOR HIGH POWER SST

SST cells can be associated together for building a highpower SST. The HV side of the cells are connected in series to withstand the full voltage and the LV side in parallel for adding the currents. Figure 1 shows that the transformer of the upper cell of the stack (labelled "N") withstands the full voltage of the HV grid in common mode situation (between the primary coil, the secondary one and the ground connection). The converter connected to the primary coils must be insulated from the grounded metallic frames and their control must be made via electrically insulated connections (optical fiber) in order to ensure a full galvanic insulation. The described SST cell is built with available well experienced and components (Si-based IGBT). Each cell able to operate in direct and reverse power transfer (HV  LV). It means that the current can change sign while the voltage polarity remains the same (Fig. 2). 

II. MEDIUM FREQUENCY TRANSFORMER TOPOLOGY

Each SST cell is designed to be assembled with other identical cells in order to achieve the required voltage level on the high voltage side through a serial connection. The aim is to obtain high voltages compatible with the catenary of a railway network for example. A first prototype based on a standard winding technology, realized with a common-mode voltage insulation using air layers has been studied in [START_REF] Ichou | Assessment of a grain oriented wound core transformer for solid state converter[END_REF], it showed that it is possible to reach quite high temperatures with a GOES core while keeping the winding in its insulation class. Figure 3 shows a photograph of the SST cell made in [START_REF] Ichou | Assessment of a grain oriented wound core transformer for solid state converter[END_REF] with a standard design. The power transmitted in an SST cell is calculated by the formula (2).
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The architecture of the prototype (Fig. 3), based on a cylindrical primary coil insulated from the core and the secondary coil by air layers, is simple, but it has the major disadvantage of offering relatively large cross-sections for leakage flux.

To transmit more power, the leakage inductance must be as low as possible, which implies a reduced leakage flux compared to the main flux in the core.

A different solution, with concentric coils and placing the high voltage coil in the center, near the core, is proposed. However, the necessarily large air thicknesses correspond to a high leakage flux and a high leakage inductance. The medium-frequency transformer is based on the architecture shown in Figure 4. The high-voltage coil is placed inside a metal box which serves as an electrostatic shield to improve the common-mode voltage. This box is connected to the core of the transformer, thus canceling the electric field in the air that separates the core from the electrostatic shield. The common mode electric field is therefore concentrated inside the electrostatic shield that contains the HV coil.

A distance of 5 mm is imposed between the electrostatic shield and the copper of the HV coil. The box thus formed containing the winding is filled with an epoxy resin which has a dielectric strength of 16 kV/mm.

With such a resin and considering the minimum distance imposed between the electrostatic shield and the HV coil, the breakdown voltage is 113 kV peak.

The selected resin is filled with an inorganic material to increase its thermal conductivity. Heatsinks have been added on the side faces of each coil to improve the dissipation of heat fluxes created by Joule losses. Figure 5 shows the HV coil made with heatsinks and the high voltage output. This second design has been designed to rise in voltage, improving its architecture to overcome the limitations found on the first one, which is based on standard technology.

The main idea is to find a compromise between commonmode voltage withstand requirements, low leakage inductance, lower AC resistance and the presence of a hot wound core GOES so that the transformer can take full advantage of the good characteristics of the material at high temperature. Figure 6 shows a photograph of the second prototype.

The high-voltage coil contains 66 turns. Each turn consists of 43 strands of 0.85 mm enamelled wire, it is placed between the two LV coils that form the secondary to limit leakage flux as much as possible. The secondary winding is made with two coils of 16 turns made with 86 strands of the same enamel wire connected in parallel. The two coils are connected in series. The transformation ratio is therefore 0.48.

IV. EDDY-CURRENT LOSS AND TEMPERATURE RISE IN THE GOES CORES

To benefit from the performance of the GOES in its rolling direction (RD), it is proposed to use wound cores (Fig. 7). The wound magnetic core is subjected to the alternating magnetic field created by a varying current in the transformer's primary winding. The two-dimensional (2-D) finite-element method (FEM) is used to model the eddy currents in the thickness of a wound core sheet. The numerical method employed is based on the magnetic vector potential A  . In 2D, this vector is perpendicular to the plane, it has only one component along the z axis; it is represented by a simple scalar in all the nodes of the mesh. The finite element method is applied to this scalar which is the only variable calculated in the program. The model FE provides an A vector potential on the problem boundaries to excite the sheet in rolling direction, figure 8 shows the used principle and the A vector potential on the boundaries. Equation (2) allows to introduce a magnetic vector potential A defined by : In many power electronics applications, transformers are excited by non-sinusoidal waveforms. As a consequence, the losses are different from those measured in a sine wave excitation according to standard procedures. Figure 10 shows the average loss density as a function of temperature for two waveforms types (square and sine wave). The GOES resistivity increases with temperature, which reduces the induced currents and therefore the corresponding losses. These simulations have shown that the high core temperature is a favorable element for building compact and efficient transformers. The transmitted power is limited by the temperature of the coils that are made with a standard Electrical Insulation System (EIS) to produce the windings. A thermal model is necessary to estimate the temperature of each part of the transformer, in order to find the nominal operating point.
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V. THERMAL BEHAVIOR AND TEMPERATURE RISE

The losses generated in the core and the winding of th transformer give rise to heating. The heat is transferred to the surface and then further to the ambient by radiation and convection. An equilibrium temperature is reached when the heat generated by the losses balances the heat transferred away. An equivalent nodal network has been used, based on the analogy between electrical circuits and thermal models. The network, or circuit, is composed of nodes representing different zones where the temperature is more or less homogeneous. The connection between these nodes is realized by equivalent thermal resistances, and the heat sources are connected in the corresponding nodes. The thermal capacity of each node represents the thermal inertia of the respective zone. Figure 11 shows the thermal equivalent nodal network of the transformer.

The proposed thermal model is based on the following assumptions: -Losses are uniformly distributed in the volume of each MFT element (core, HV coil and LV coil).

-The temperature is supposed to be uniform in each element.

-Thermal resistances are supposed independent of temperature (linear model); they must be estimated at temperatures in the same range of operating ones.

A. Thermal resistances estimated by geometry analysis

The thermal resistances R have been calculated as a function of the geometry that allows estimating the considered heat transfer area S and the average distance d covered by the heat flow in each material (resin and air) considering its thermal conductivity λ.  

The thermal conductivities used to calculate the thermal resistances in Table 3 are λa = 0.0262 Wm -1 K -1 for air and λr = 0.66 Wm -1 K -1 for resin. Tables 2 and3 show the influence of the thickness of the air layer on the different parts thermal resistances of the electrical insulation system. The thermal resistance Rnc-nl that separates the two parts of the core has been calculated in the same, taking the thermal conductivity value of electrical steel at 210 °C which is λGOES = 26 Wm -1 K -1 , its value is Rnc-nl = 9.2 K/W.

B. Tests to determine the thermal resistances related to the airflow

To determine the thermal resistances Rlv1-a , Rlv2-a, Rhv-a and Rnl-a, DC tests have been performed. Converter 1 is operated as a series chopper, connected to the two LV coils connected in series. The waveforms obtained are given in figure 12. The switching frequency has been chosen at 6 kHz in order to ensure that the current variations are small ( <i> ∆i = 2.6%). This procedure allows an indirect measurement of the average winding temperature. The DC resistance is obtained by dividing the voltage average value by that of the current.
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The average temperature is then calculated using: the temperature coefficient of copper α = 3.9 10 -3 K -1 , the ambient temperature T0 and the resistance R0 measured at ambient temperature [START_REF] Leibl | Design and experimental analysis of a medium-frequency transformer for solidstate transformer applications[END_REF]. The temporal temperature evolution measured by this method is presented in figure 13. In the same procedure, the average temperature of the HV coil has been measured. Table 4 shows all the power measurements involved during the DC tests and the temperatures measured in steady state. The exploitation of these two tests has been done by analyzing the nodal equivalent circuit with the SPICE circuit simulator dedicated to the analysis of electrical schematics. The electrical resistances correspond to the thermal resistances; the current sources represent the thermal flux sources; the ambient temperature is fixed by a voltage source. The DC voltages calculated at the nodes by the SPICE simulator represent the temperatures. The unknown thermal resistances are determined by successive simulations. Table 5 shows the thermal resistances values related to the air flow. The thermal capacities are calculated by considering the weight of each part of the transformer associated with a node of the thermal equivalent circuit and the specific heat of the corresponding material. Table 6 gives the numerical values of the weights and thermal capacities of each element corresponding to a node. 
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C. Thermal model validation

A no-load test, performed at 3 kHz and a voltage of 300 V applied on the LV side, gives elements that confirm the validity of the proposed thermal resistances. During this test, the current in the LV coils is 2.1 Arms, which produces negligible Joule losses compared to the power consumed by the transformer, which is 400 W. The core losses have been divided into the two parts of the core in proportion to their volumes: Pnc = 155 W and Pnl = 245 W.

Table 7 compares the measured temperatures for three tests with those estimated by the simulation of the nodal equivalent circuit associated with the previously determined thermal resistances.

Table 7. Model validation with three tests: DC test on LV side and HV side and no load test at 3 kHz/ 300 V.

VI. TESTS OF THE SECOND SST PROTOTYPE

A. Test at 600 V and low load

Measurements have been made by supplying the SST on the high voltage side at 600 V. The frequency is fixed to 2 kHz. These values correspond to a peak value of the spatial average of the flux density Bm = 0.96 T. The load connected at the output of the SST, on the low voltage side, is an electronic load with a regulation system that returns the power to the network. The control acts on the current consumed to maintain a voltage of 320 V at the output of the SST, within the limits of the device's capabilities. The power transferred from the source, which imposes a voltage of 600 V at the input of the SST, to the electronic load is regulated by acting on the control angle ϕ. Figure 14 shows the electrical scheme related to this experiment. Figure 15 gives the waveforms of the voltages and current in the HV coil for a small value of the angle ϕ which corresponds to a power of 6.8 kW in the electronic load. The test has been stopped at 60 minutes, before thermal equilibrium was reached, for safety reasons. Figure 18 shows the temperature measurements at a limited number of points in the resin. It shows large temperature differences. During this experiment, the T8 thermocouple, placed near the central core, measured a temperature that exceeded the thermal class of the resin, which is class F (155°C). It should be remembered, however, that the temperature class of an insulator is defined for a permanent operating time of 20000 hours. This particular point does not pose any particular problem for tests lasting a few hours. Testing at high voltages, which involves a hot core, has been stopped in order to verify that it is possible to use the coils with high currents.

B. Test at low voltage and high current

A high-current, low-voltage test has been performed by supplying the SST on the high-voltage side, the low voltage side flows through a 0.5 Ω -100 A resistor, which replaces the electronic load in Figure 14. Figure shows the measurement at high current limited by the load. After 15 minutes of operation at this particular point; the winding temperature has been below 40°C at the hottest point. This test has not been continued, as the limitations found in the previous test require a new design of the thermal insulation of the core and thus the whole thermal balance.However, it shows that the coils of the second prototype and the power converters are able to operate at high currents. 

VI. DISCUSSION

Heat exchange between the magnetic core and coils is shown in red in Figure 20. In order to allow the magnetic core to operate at high temperatures, these thermal resistances must be increased. The defects observed on the second prototype are related to design habits that have not been sufficiently adapted to the new concept developed around a hot magnetic core. The prototype has been designed with thermal insulation air gaps. These distances have not been respected during the realization of the coils with artisanal methods.

It is very likely that the core is in contact with the resin at a limited number of points. This small number of points was sufficient to heat the coils which caused the high voltage tests to stop. To increase these critical thermal resistances, it is possible to place the four "U" shaped parts of the wound GOES core in a high temperature textile sheath. An average thickness thus introduced will be equivalent to about 2 mm of almost immobile air. Table 8 gives an estimate of the critical thermal resistances obtained in these conditions. These resistances have been introduced in the thermal model presented previously. Figure 21 shows the simulation results by feeding the SST on the HV side with a supply voltage of 630 V and a frequency of 2 kHz . The power density in this case is 3.33 kVA/dm 3 with an efficiency of 96%.

IV. CONCLUSION

The paper presents a design of an SST cell to provide a good techno-economic balance. It uses a grain-oriented electrical steel (GOES) wound core, while exploiting the magnetizing ability of grain-oriented electrical steel at high temperature.

The results show that high power SST cells using a medium frequency transformer made with a GOES wound core and a conventional winding insulation technology can lead to good performances. However, a suitable thermal model is required for predicting the temperature of each part of the MFT, during the design phase, for the sake of safe operation of the windings within the thermal class of their electrical insulation system.

This architecture, developed for the second prototype, can be preserved by associating it with the thermal insulation of the core by a high temperature textile. However, the electrostatic shield of the second prototype is very thin (35µm), it plays almost no thermal role. With a thicker electrostatic shield, this copper plate could also be used as a thermal shunt to guide the heat to the outer surfaces of the coils. However, this idea needs to be explored further, as this thicker copper shield will be the seat of currents induced by the varying magnetic fields that flow through it. A more detailed electromagnetic analysis is needed to find an optimal thickness of this screen.
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 1 Fig.1. Proposed topology for high power SSTs associating several cells.
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 2 Fig.2. Topology of a SST cell with a medium frequency transformer (MFT).
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 3 Fig.3. First prototype of SST cell realized with a medium frequency transformer of conventional structure.
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 4 Fig.4. MFT topology to improve common mode insulation while limiting leakage flux.
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 8 Fig.8. Cartesian coordinate system and excitement on the limits of the problem The local and instantaneous losses p(x, t) depend on the induced current densities J and the resistivity ρ (p(x, t) = ρ.J²). The eddy current loss instantaneous value in the core is the spatial average of the local losses. The mass losses at each instant have been calculated taking into account the density of the material 3 . 7650  m kg . Figure 9 shows the losses for several temperatures values at f = 2 kHz and Bm = 1.2 T.
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 9 Fig.9 Instantaneous values of eddy current loss density as a function of temperature at f = 2 kHz and Bm = 1.2 T
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 10 Fig.10. Core losses as a function of temperature and for two excitation types.
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 11 Fig.11. Simplified thermal model: equivalent nodal network.
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 12 Fig.12. Current and voltage waveforms applied to the LV coil for DC testing.
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 13 Fig.13. The average temperature of the LV coil as a function of time.
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 14 Fig.14. Electrical scheme corresponding to the 600 V test at low load.
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 15 Fig.15. Voltages and current waveforms at 600 V/2 kHzFor this test, the RMS values of the currents are I1.rms = 11.7 A and I2.rms = 24.1 A. Figure16shows two core losses measurements as a function of temperature at 3 kHz/0.8 T and at 2 kHz/1.3 T with their linear estimation[START_REF] Hamdinou | Potentiel des aciers électriques à grains orientés pour la réalisation de transformateurs compacts à forte densité de puissance[END_REF].

  represents the core losses at ambient temperature T0, and a is the Slope of the straight line.
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 16 Fig.16. Core losses evolution as a function of the average temperature.

Fig. 17 .

 17 Fig.17. Core losses evolution as a function of the average temperature.
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 18 Fig.18. Temperature at various points of the resin.
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 19 Fig.19. Experimental waveforms of voltages and currents at the HV side (v1 and i1) and LV side (v2 and i2) of the transformer when the SST feeds a resistor R= 0.5 Ω.
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 20 Fig.20. The most critical thermal resistances in the proposed model
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 21 Fig.21. Temperature estimation at several points of the MFT (central core Tnc, lateral core Tnl, HV coil THV and LV coil TLV1 and TLV2)
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Fig.6. Second prototype of SST cell realized with a specific design transformer.