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Smart bidirectional high-power electric vehicles charger can be based on Solid-State transformers (SSTs). A specific design of a low-cost smart charger is proposed using a medium frequency transformer based on a wound core made with Grain Oriented Electrical Steel (GOES) operating at medium frequencies and a temperature higher than coil ones. The preliminary study, based on core losses measurements made with rectangular and sine voltages, proves that the best case is the simplest possible converters producing rectangular voltages. Experimental investigations made on a smaller transformer of the same structure provide data for designing the 350 kVA transformer coils and estimating the efficiency.

I. INTRODUCTION

Nowadays, the reduction of greenhouse gas emissions is a major challenge for limiting the planet global warming. The replacement of current vehicles using petrol or diesel by electric or hydrogen ones will drastically improve the environmental impact of the transportation systems. However, hydrogen and electricity are secondary sources, they must come from clean processes. Consequently, for a larger number of electric vehicles of all sizes, the electricity production system must include much more renewable sources that are intermittent for most of them; they may cause several stability problems; the grid operational security becomes a major issue [START_REF] Dudurych | The Impact of Renewables on Operational Security: Operating Power Systems That Have Extremely High Penetrations of Nonsynchronous Renewable Sources[END_REF]. The electricity end-user can also participate to the global operational security when the grid includes this function [START_REF] Ostergaard | Energy Security Through Demand-Side Flexibility: The Case of Denmark[END_REF]. With a smart bidirectional charging system, the big electrical vehicles such a vans, small trucks, service vehicles can be used as a temporary source for improving the grid operational security. To be effective, this solution require a large number of vehicles connected to the future smart grid. Therefore, it is important to provide powerful and inexpensive smart chargers and attractive financial conditions for the electricity end-use 978-1-6654-3613-7/21/$31.00 ©2021 IEEE [START_REF] Wolak | Market Design in an Intermittent Renewable Future: Cost Recovery With Zero-Marginal-Cost Resources[END_REF]. The main part of the power circuit of such a vehicle charger is a Solid-State Transformers (SST), which performs bidirectional power transfers with a galvanic insulation for safety [START_REF] Leibl | Design and Experimental Analysis of a Medium-Frequency Transformer for Solid-State Transformer Applications[END_REF], [START_REF] Hannan | State of the Art of Solid-State Transformers: Advanced Topologies, Implementation Issues, Recent Progress and Improvements[END_REF]. Currently available SSTs operate at high frequencies with transformers based on ferrite, nanocrystalline or amorphous magnetic cores [START_REF] Rylko | Magnetic Material Selection for High Power High Frequency Inductors in DC-DC Converters[END_REF]. Ferrites can operate at very high frequencies (> 20kHz), but at limited flux densities (< 0.4T ), their relative permeability are in the range of 2000, and they can operate permanently up to 120 -140 • C [START_REF] Nakmahachalasint | A frequencydependent hysteresis model for power ferrites up to curie temperatures[END_REF]. High frequencies make it possible to design a transformer and passive components of small sizes. Amorphous and nanocrystalline materials can operate up to more or less 1.2T but at lower frequencies than ferrites [START_REF] Azuma | Core Loss in Toroidal Cores Based on Fe-Based Amorphous Metglas 2605HB1 Alloy[END_REF]. Their permeability are higher; the maximum operating temperatures are similar. Let us note that these temperatures are lower than the standard insulation class of the transformer coils, which is 155 [START_REF]IEEE Standard Test Procedure for Thermal Evaluation of Systems of Insulating Materials for Random-Wound AC Electric Machinery[END_REF]. Therefore, for a standard design, the core maximum temperature limits the performance of the coils. Their relatively low Curie temperature explains the maximum operating temperature of these magnetic materials. If the maximum temperature is exceeded during an accidental overload, the core can suffer a permanent decrease in its performance [START_REF] Datta | Accelerated aging behavior of an iron base amorphous alloy for 60 Hz application[END_REF], [START_REF] Mouhamad | Physicochemical and Accelerated Aging Tests of Metglas 2605SA1 and Metglas 2605HB1 Amorphous Ribbons for Power Applications[END_REF]. When the SST operates at high frequencies, the coils must be having a specific design for weakening skin proximity effects in conductors that increase the AC resistances [START_REF] Du | Design considerations of high voltage and high frequency transformer for solid state transformer application[END_REF]. The switching losses in power electronics, which are proportional to the frequency, are also relatively high. Considering these drawbacks, the paper proposes an alternative solution based on a medium switching frequency (several kHz). At medium frequencies, the transformer can be designed with grain-oriented electrical steel (GOES) wound core [START_REF] Hamdinou | Potentiel des aciers électriques à grains orientés pour la réalisation de transformateurs compacts à forte densité de puissance[END_REF], [START_REF] Ichou | Assessment of a grain oriented wound core transformer for solid state converter[END_REF]. This material offers the possibility to operate at high peak flux densities (1.8T ), with rectangular voltages and simple converter typologies with low switching losses. The GOES has a very stable crystalline structure and a high Curie temperature (747 • C). This material is available for a long time, and it now has a high technology readiness level (T RL9) and a low cost. Moreover, the losses decrease when the core temperature increases because of the natural increase of the silicon steel resistivity. As the GOES sheets coating is mineral, the GOES wound core can be used at high temperatures (up to 500 • C) without any significant decrease of its magnetizing capability [START_REF] Ababsa | High-Temperature Magnetic Characterization Using an Adapted Epstein Frame[END_REF]; the performances of the coil electrical insulation can be fully used.

• C (class F), 180 • C (class H), or 200 • C (class C)

II. SMART CHARGER STRUCTURE

Fig. 1 presents a smart charger power structure based on a bidirectional SST. During charging operations, the electrical energy comes from a DC smart grid; the SST command adapts the power flow to the battery characteristics. The system can also reverse the power flow, for short times, when the grid needs extra power. This smart features are only used when the battery charge is high enough and with the agreement of the electric vehicle owner that have a commercial agreement with the smart grid manager. Each converter in Fig. 1 is a H bridge, made of two legs of two insulated gate bipolar transistors (IGBTs). With a simple command, the voltages v 1 and v 2 are rectangular. Fig. 2 shows these voltages and the primary current waveforms for a 2-level command. Noting ω the angular frequency, the command of the output bridge is delayed by ϕ/ω relatively to the command of the input one. Noting λ the transformer leakage inductance and neglecting the resistances, the transferred power between the input and the output is given by (1) [START_REF] Kumar | Comparative study of dual active bridge isolated DC to DC converter with single phase shift and dual phase shift control techniques[END_REF].

P = V A V B πλω ϕ(π -|ϕ|) (1) 
This relation shows that the power depends of the tuning variable ϕ. The power flow goes toward the electric vehicle for ϕ > 0 and toward the smart grid for ϕ < 0.

III. GRAIN ORIENTED ELECTRICAL STEEL CORES FOR MEDIUM-FREQUENCY HIGH-POWER SSTS

The volume of a single-phase transformer is proportional to the cross-section of its magnetic core and the window area that the core gives to the windings. The product of the core cross-section area by the coil window area is proportional to the product of the maximum flux density by the operating frequency [START_REF] Mclyman | Transformer and inductor design handbook[END_REF]. For a given operating frequency, the core must be designed with the higher possible flux density keeping acceptable core losses. Fig. 3 illustrates this dilemma for f = 2kHz at room temperature. It compares also the losses in a GOES wound for square and sine voltages and for the Fig. 2. Voltage and current waveforms measured on a SST prototype [START_REF] Ichou | Assessment of a grain oriented wound core transformer for solid state converter[END_REF].

same peak flux densities. It shows an increase of losses with the flux density. However, for any peak flux density, losses are lower for rectangular voltages than for sine ones [START_REF] Hamdinou | Potentiel des aciers électriques à grains orientés pour la réalisation de transformateurs compacts à forte densité de puissance[END_REF]. Fig. 3. Specific losses in a wound core, made with 0.18 mm thick GOES sheets, for a rectangular and a sine voltage (experimental results). [START_REF] Hamdinou | Potentiel des aciers électriques à grains orientés pour la réalisation de transformateurs compacts à forte densité de puissance[END_REF].

Other experiments were carried out at high core temperatures (Fig. 4). This figure shows that core losses decrease significantly when the temperature increases [START_REF] Hamdinou | Potentiel des aciers électriques à grains orientés pour la réalisation de transformateurs compacts à forte densité de puissance[END_REF]. These interesting results can be explained by the natural increase of the material resistivity with the temperature. The high relative permeability of the GOES wound core makes it possible to build cores with a long mean length and a reasonable magnetizing current. This solution offers large windows for coils and the possibility to add a thermal insulation between the core and the coils for limiting the thermal transfers from the hot core to the coils, which must be at temperatures compatible with the class of their insulating materials.

IV. PRELIMINARY INVESTIGATIONS FOR THE COIL DESIGN

The coil design is a critical choice for building a lowcost medium frequency transformer because the winding losses depends on the alternating current (AC) resistances that increase with frequency. For weakening these effects two technologies are possible: -Litz wires made of many thin round enameled strands twisted together [START_REF] Li | An Analytical Loss Model of Litz-Wire Windings for Transformers Excited by Converters With Winding Configurations Considered[END_REF]; -thin and wide copper or aluminum foils insulated by thin polymer sheets [START_REF] Lu | Analytical Calculation of Proximity-Effect Resistance for Planar Coil With Litz Wire and Ferrite Plate in Inductive Power Transfer[END_REF]- [START_REF] Gradinger | Enabling foil windings of medium-frequency transformers for high currents[END_REF]. The paper focuses on the second technology, which is cheaper and easier to produce. Indeed, for high currents.

The Litz wire must have many enameled round strands; the connection operations are not so easy because strands must be separately stripped before connecting the Litz wires. This operation is generally made using specific enameled strands insulated by a polymer which is destroyed in a soldering bath. These enameled wires have a temperature class much lower than standard ones, which limits the power transformer compactness. Conversely the nude copper or aluminum foils are insulated by a thin polymer layer of class C (200 • C), commercializes under the name "Nomex". On the other hand, the foil coil structure has a high turn-to-turn capacitance that provide an excellent voltage distribution between turns during the fast fronted voltages impose by the electronic converters. This structure is better adapted to high voltage applications than Litz wire one. Preliminary investigations are made on a reduced size transformer made with a GOES wound core and two 12-turn concentric coils made of copper or aluminum foils that width is 70mm and thickness 0.7mm. The foils are separated by a thin polymer layer. For copper, the DC resistance is 1.2mΩ for the external coil and 1.04mΩ for the internal one because of the shorter average turn length. Impedance measurements are made at room temperature, up to 20kHz, with an Agilent 4294A precision impedance analyzer. The internal coil is short-circuited. Fig. 5 presents the experimental transformer. In the top view, the upper corner of the winding presspahn carcass is removed for showing the copper foils between the white insulating layers. The black line corresponds to the separation of the primary and secondary coils.

Skin and proximity effects create an increase of the equivalent resistance with the frequency. This phenomenon has been studied for a long time. In 1966, P.L. Dowell published an analytical study based on several hypotheses [START_REF] Dowell | Effects of eddy currents in transformer windings[END_REF]. Dowel's model is compared to other ones in a recent study, which explains that it remains the most suitable for foil windings [START_REF] Rafal | Analytical winding size optimisation for different conductor shapes using Ampère's Law[END_REF]. A simulation, based on a 2D finite element method (FEM) has been made. Fig. 6 presents the model that considers half a core window and Fig. 7 the result, comparing them to measurements and to the predictions of Dowell's model. The ratio R A C/R D C is obtained considering that the resistance computed at 1Hz is the DC resistance. The lower AC resistance increase of the Dowell's model can be explained by the hypotheses required by the 1D model. They are schematized in Fig. 8. The magnetic field in the insulating layers separating the conducting foils is computed with Ampere's law, considering a core with an infinite permeability. The field is supposed to be parallel to the conducting foil surfaces. Dowell's model uses these fields as boundary conditions for solving analytically the diffusion equation of the field inside conducting foils. The field is zero at the first boundary of the primary coil and at the last one of the secondary coil. For the actual transformer (foil width = 70mm = 100time its thickness) the 1D hypothesis of a field parallel to the foil surface does not present any problem. On the other hand, the actual fields at the first and last boundaries are not zero because of the air layer between the core and the coils. These differences explain that the Dowell's model is optimistic; it gives a lower increase of the AC resistance. Conversely the 2D FEM model is a bit pessimistic, with an AC resistance estimation slightly higher than the experimental one. Let us remind that a transformer is a 3D object that have a significant part of the external coil far from the core. However, the 2D FEM model gives predictions very near actual measurements up to 5kHz. The FEM model has been used with several horizontal and vertical distances, at 10kHz, for the same coil sizes, varying the core geometry. It appears that for a vertical distance between the core and the coil varying from 1.5mm to 6.5mm the AC resistance does not change (decrease of 0.3%). Similar results are obtained when the change is applied to the air gap between coils. Conversely, for an increase of the horizontal distance of 10mm, the AC resistance decrease of 30%, which is a positive effect. Aluminum foils have a higher resistivity; the skin depth is higher and the influence of frequency on the AC resistance is lower. Comparative FEM simulations results, presented in Fig. 9, confirm this hypothesis.

However, the DC resistance is higher for the aluminum coils (R D C = 1.02mΩ for Al and R D C = 0.66mΩ for Cu); the comparison must be made with absolute values. Fig. 10 shows that the higher resistivity of aluminum becomes an advantage over 2kHz for this geometry. 

V. DETAILED STRUCTURE OF THE SMART CHARGER

The smart charger must be able to adapt its characteristics to a large panel of electric vehicles that have different DC voltage requirements. The proposed structure in Fig. 11 1), these phase lags define the transferred power. For a perfect transformer (equal leakage inductances) a single variable ϕ = ϕ B = ϕ C defines two equal powers. However, the control system can create a small difference between φ B and φ C for compensating for the small difference of the transformer leakage inductance. The smart charger is designed for a rated power of 300 kW (output mean currents < i B >=< i C >= 300A for U B = U C = 500V ). Consequently, the medium frequency transformer must have a higher rated apparent power (∼ 350 kVA) because of the reactive power exchanged with the capacitances C A , C B and C C due to the leakage inductances and the magnetizing one. The rated power is obtained when the widths of the positive and negative pulse are half the period. The corresponding voltages are V 1RM S = U A = 800V and V 2RM S = V 3RM S = 500V . The primary current is estimated to 437 A RM S and 350 A RM S in each secondary coil. Taking these elements into account, a medium frequency transformer structure is proposed in Fig. 12. The main sizes of the GOES wound core are noted in the figure; the deepness is 70 mm. The core apparent area is 7 × 8 = 56cm 2 for an effective one of 53.2cm 2 , considering the insulation layer between GOES sheets. The core mass is 25kg. The primary coil is placed between the two secondary ones for lowering the leakage inductances. The 3 coils are made with aluminum foils that have a width of 140mm and a thickness of 0.7mm. The conducting foils are insulated with a 0.08mm thick Nomex class C (200 • C) strip that width is 160mm. The Nomex strip is notched on each side for facilitating the encapsulation resign penetration. The aluminium mass of the 3 coils is estimated to 21kg.

The current density is 4.5A/mm 2 in the primary and 3.6A/mm 2 in the two secondaries. The two secondary coils are placed nearer the hot core in a warmer environment; the lower current density mitigates this influence. On the other hand, the same construction process for the 3 coils lowers the global production cost. Considering the core effective area, the voltages, the rectangular waveforms ,and an operating frequency of 2 kHz, 16 turns for the primary coil creates a peak flux density of 1.2 T in the core. Each secondary coils have 10 turns. The DC equivalent resistance R DC = 7.2mΩ is estimated at room temperature considering the mean length of turns. Considering the preliminary investigations, the AC equivalent resistance is estimated to double the AC one at 2 kHz, R AC = 14.4mΩ. At the rated power, the coil losses can be estimated to 2760 W, at ambient temperature and about 4140W at 150 • C, because of the natural increase of the aluminium resistivity. These coil losses are overestimated because the resistivity increase positively affects skin and proximity effects, and R AC increases less than R DC . From preliminary measurements on a similar GOES wound core, core losses can be estimated to 100W/kg at 1.2T and 2kHz if the core temperature is high enough. For a 25kg core, the total losses are 2500W . The transformer's total mass is more or less 50kg, supposing that the mass of accessories is 4kg (insulating layers, connections . . . ). For 300kW transferred in the SST, the medium frequency transformer specific power is estimated to 6kW/kg and its efficiency to 97.8%. With the proposed low-cost technology, the temperature of the core is higher than the coils' ones. There is no mechanical contact between coils and core. The coil fixing is made by 4 rods per coil using two perforated steel plated that also ensure a predefined pressure on the core air gap. The fixing system is drawn in blue in Fig. 11. Two fans provide a vertical cold airflow through the spaces between coils and between coils and core. For increasing the core temperature that lowers losses, an insulating high-temperature fabric can be placed around the 3 core legs. The losses in the converter are determined with well-known rules [START_REF] Séguier | Electronique de puissancestructures, commande[END_REF]. The conducting losses depend on the IGBT saturation voltage and the current the switching losses depend on DC voltage, current, rise and fall times, and frequency. For bridge A, made of two 450/1200V legs, the conducting losses are 744W , and the switching ones 420W . Bridges B and C are made with similar IGBT legs. The losses are lower: 595W and 262W . The total loss in the 3 electronic bridges is 2880W . Considering the 3 converters and the medium frequency transformer, and the SST efficiency is 96.9% for a 300 kW rated power. It can be slightly increased by a thermal optimization based on measurements made on the actual SST. For designing high-power SST, the wound GOES core must operate at a temperature higher than coils for reducing the eddy current losses. Therefore, coils must be made with a specific thermal design, including an insulation layer between the core and the coils. The coils made of aluminum foils lighter and cheaper than copper ones and have slightly better performances at medium frequencies. The preliminary study, based on core losses measurements made with rectangular and sine voltages, proves that, for GOES wound cores used at medium frequencies, the best case is obtained with rectangular voltages. Consequently, the simplest possible converter commands is the best.

VI. CONCLUSION

The paper presents theoretical and experimental investigations on a reduced size prototype made with a GOES wound core transformer designed for operating at medium frequencies (2-4 kHz). The proposed design uses the good performances of this soft magnetic material at temperatures higher than coils. It proposes a structure with a thermal insulation between the core and coils for keeping a coil temperature under their electrical insulation system class. The paper shows that, at medium frequencies, concentric coils made with aluminum strips is a good solution for keeping low Joule losses, considering skin and proximity effects. Comparing the proposed new design with the currently used ones for SST's transformers, the main disadvantage is linked to the lower operating frequencies, which correspond to slightly lower specific powers despite higher peak flux density capabilities. However, the new design has several advantages. It is based on low-cost and widely available components able to operate at high voltages and currents. It uses simple power electronic structures operating with a minimum number of switching per period and reduced switching losses. The coils structure provides an excellent voltage distribution allowing high voltage operations. With good management of heat fluxes and coil AC resistance increases, it is possible to obtain higher efficiencies than those of conventional solutions operating at higher frequencies. The next step is the construction of an industrial low-cost 300kW SST with a global efficiency over 96.9% with a deep analysis of the obtained performances.
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 1 Fig. 1. Smart bidirectional charger structure base on a SST.
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 4 Fig.4. Losses in the same GOES wound core losses variations with temperature for rectangular voltages (experimental results)[START_REF] Hamdinou | Potentiel des aciers électriques à grains orientés pour la réalisation de transformateurs compacts à forte densité de puissance[END_REF].
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 5 Fig. 5. Wound core transformer with 2 concentric 12-turn coils used for preliminary tests (total mass = 6.5 kg; rectangular core 25x40mm).

Fig. 6 .

 6 Fig. 6. 2D finite element model of the transformer used for preliminary investigations.
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 7 Fig. 7. Resistance increase with frequency. Experimental, FEM and Dowell model for the experimental transformer geometry.
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 8 Fig. 8. 1D Dowell's model hypothesis applied to the experimental transformer with two 12-turn coils. The field is computed for a primary and secondary currents of 100A.
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 9 Fig. 9. Comparison of the resistance increase with frequency for Cu and Al.
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 10 Fig. 10. Absolute value of the AC resistance for Cu and Al foil coils.

  have two output converters (bridges B and C). The 800V DC smart grid imposes U A at the bridge A input; the vehicle batteries U B and U C . The filtering capacitances C A , C B , and C C are connected very near the corresponding bridges for avoiding over-voltages due to the fast fronted currents imposed by the IGBT fast switching. The medium frequency transformer has two secondary windings connected to the AC sides of bridges B and C. For high voltage vehicles (500 -1000V ), the outputs of bridges B and C are connected in series. For low voltage vehicles (250 -500V ), these outputs are connected in parallel for doubling the available current. The control system acts on pulses width (symmetric 2-level command of bridge A) and on the phase lags ϕ B and ϕ C of the bridges B and C, relatively to bridge A. As detailed in (
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 11 Fig. 11. Detailed power structure of the smart charger.
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 12 Fig. 12. Proposed structure for a low-cost medium frequency 350 kVA transformer based on a GOES wound core and aluminum foil coils.