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There is no doubt that society will not turn back: most thermal vehicles will switch to electric ones, not only for cars but also for bigger vehicles. Fast chargers will become more and more essential parts of the global system, they will provide a charge control of batteries and galvanic insulation from the grid. At the present times, compact realizations are based on Solid-State Transformers (SSTs) operating at high frequencies with their well-known advantages and disadvantages, including power limits and reasonably high costs. The authors propose a low-cost structure using Grain Oriented Electrical Steel (GOES) wound cores and aluminum foil windings to achieve this goal. GOES has losses that increase with frequency but decrease with temperature; therefore, the authors propose a transformer structure allowing a hot core inside coils at usual temperatures. This idea is applied to a 400-kW compact, low-cost battery charger connected to a DC smart grid.

I. INTRODUCTION

Nowadays, reducing greenhouse gas emissions is a major challenge for limiting the planet's global warming. Electricity will play a more and more critical role. However, electricity is a secondary source; its production system must include much more renewable sources, which are intermittent for most of them. This intermittency may cause grid stability problems, becoming 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 enduser can participate in this stability; incentives based on tariffs modulated according to demand are beginning to exist [START_REF] Ostergaard | Energy Security Through Demand-Side Flexibility: The Case of Denmark[END_REF].

It is estimated that there are currently over a billion classic cars in the world that must be replaced by electric ones. A similar change begins with medium-and heavy-duty vehicles [START_REF] Smith | Medium-and heavy-duty vehicle electrification: An assessment of technology and knowledge gaps[END_REF]. Many of these vehicles will operate on regular schedules (buses, garbage trucks, delivery vans, etc.) will be in their garages and connected to the grid when they will not be used. Thanks to advances in battery lifetimes [START_REF] Fichtner | Recent Research and Progress in Batteries for Electric Vehicles[END_REF][START_REF] Hu | Battery Lifetime Prognostics[END_REF], their big batteries will participate in the grid stability if the connection is made by smart chargers guaranteeing a full charge at the vehicle starting time. However, this contribution to the limitation of greenhouse gas emissions will demand many high-power bidirectional smart chargers designed with low environmental footprints and reduced construction costs. Technically, this function can be performed by high-power vehicle chargers. Such devices are compacts when the power circuits are Solid-State Transformers (SSTs), which provide bidirectional power transfers and voltage adaptations with the galvanic insulation compulsory for safety [START_REF] Leibl | Design and experimental analysis of a medium-frequency transformer for solid-state transformer applications[END_REF][START_REF] Liu | Compound Control System of Hybrid Distribution Transformer[END_REF][START_REF] Saleh | Solid-State Transformers for Distribution Systems-Part II: Deployment Challenges[END_REF][START_REF] Bahmani | Design Methodology and Optimization of a Medium-Frequency Transformer for High-Power DC-DC Applications[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, over 20kHz, but the power is limited by the switching losses [START_REF] Nakmahachalasint | A frequencydependent hysteresis model for power ferrites up to curie temperatures[END_REF]. High powers can be reached using several elementary SST cells connected together. Amorphous and nanocrystalline materials can operate up to 1.2 T at lower frequencies with higher powers per SST cells [START_REF] Azuma | Core Loss in Toroidal Cores Based on Fe-Based Amorphous Metglas 2605HB1 Alloy[END_REF][START_REF] Kurita | 500 kVA Medium-frequency core-type amorphous transformers with alternately wound sheet winding for offshore DC grid[END_REF]. These materials can work up to 120°C and, if the maximum temperature is exceeded during an accidental overload, the core can permanently have lower performances [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]. Grain Oriented Electrical Steel (GOES) is another option at a competitive cost because nanocrystalline material is several dozen times more expensive than GOES [START_REF] Huang | Optimal Design and Implementation of High-Voltage High-Power Silicon Steel Core Medium-Frequency Transformer[END_REF][START_REF] Kauder | Performance Factor Comparison of Nanocrystalline, Amorphous, and Crystalline Soft Magnetic Materials for Medium-Frequency Applications[END_REF][START_REF] Tumanski | Handbook of Magnetic Measurements[END_REF]. However, with GOES, the increase in core losses with frequency limits its use in a transformer made with a standard design.

When SSTs operate at high frequencies, coils must have a specific design for weakening skin and proximity effects in conductors that increase the AC resistances [START_REF] Baek | Design considerations of high voltage and high frequency transformer for solid state transformer application[END_REF]. The switching losses in power electronics, proportional to the frequency, are also relatively high.

The paper proposes an alternative solution based on transformers operating at medium frequencies (several kHz) and designed with GOES wound cores [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 | Conception de Solid-State Transformers (SST) de fortes puissances construits autour de transformateurs dotés de noyaux entoulés en acier électeique à grains orientés[END_REF]. Such cores can operate at high peak flux densities (1.8 T), with rectangular voltages corresponding to simple converter topologies and low switching losses [START_REF] Ichou | Assessments of High-Power Solid State Transformers based on Grain-Oriented magnetic cores[END_REF][START_REF] Hatakeyama | Core Loss Estimation of Various Materials Magnetized With the Symmetrical/Asymmetrical Rectangular Voltage[END_REF]. The GOES has a very stable crystalline structure and a high Curie temperature (747°C). This material has been available for a long time, and it now has a high technology readiness level (TRL9). Moreover, the losses decrease when the core temperature increases [START_REF] Chen | Influence of temperature on magnetic properties of silicon steel lamination[END_REF], because of the natural increase in the material resistivity, like every metal. The thin inorganic coating layers on both faces of the GOES strips appear during the metallurgic process; they withstand high temperatures. Therefore, a GOES wound core can operate up to very high temperatures (500°C) without significantly decreasing its magnetizing capability [START_REF] Ichou | Assessment of a grain oriented wound core transformer for solid state converter[END_REF][START_REF] Ababsa | High-Temperature Magnetic Characterization Using an Adapted Epstein Frame[END_REF].

The new concept involves designing a medium-frequency transformer with a hot core inside windings at standard temperatures. With this concept, it is possible to reduce core losses and transformer sizes significantly. Of course, this concept requires a slightly more complicated construction ensuring thermal insulation between the core and the winding with a simple air-cooling system.

First, the paper presents the charger structure chosen among existing SST ones. Next, the hot core transformer is presented. An experimental approach shows that the highfrequency core losses decrease with temperature. Then a lowcost foil winding design is considered. The analyses are based on Dowel's analytical model, a FEM simulation, and an experimental investigation. The final part presents the preliminary design of a high-power charger.

The first version of the paper was presented at the EEEIC2021 conference in Bari, Italy in September 2021 [START_REF] Roger | Solid-state transformers of smart high-power battery charger for electric vehicles[END_REF].

II. SMART CHARGER STRUCTURE

Several SST structures can be used for building smart chargers with high power densities.

Generally speaking, SSTs are often modular to split the power into several SST cells for high-power applications. Specific control systems guarantee the good repartition of the global energy flow between the cells.

Transformers made with ferrites cores can operate at very high frequencies but at flux densities under 0.4 T. The ferrite relative permeabilities are in the range of 2000, limiting the average field line length and the area of windows available to windings. High frequencies make it possible to design transformers and other passive components of small sizes. Still, the switching losses in power electronic active components limit the rated power of SSTs elementary cells.

Amorphous and nanocrystalline materials can operate up to more or less 1.2 T but at lower frequencies than ferrites [START_REF] Kurita | 500 kVA Medium-frequency core-type amorphous transformers with alternately wound sheet winding for offshore DC grid[END_REF], [START_REF] Huang | Optimal Design and Implementation of High-Voltage High-Power Silicon Steel Core Medium-Frequency Transformer[END_REF]. Their permeabilities are higher, which allows to design cores with larger windows for the coils. Like ferrites, these materials can operate permanently up to 120-140°C [START_REF] Azuma | Core Loss in Toroidal Cores Based on Fe-Based Amorphous Metglas 2605HB1 Alloy[END_REF]. Amorphous and nanocrystalline materials' relatively low Curie temperature explains their maximum operating temperature.

For both technologies, the maximum core temperatures are lower than the standard insulation classes of the coils, which are 155°C (class F), 180°C (class H), or 200°C (class C) [START_REF]IEEE Standard Test Procedure for Thermal Evaluation of Systems of Insulating Materials for Random-Wound AC Electric Machinery[END_REF]. Therefore, the maximum temperature of cores limits the performance of the windings. To reduce the cost and the complexity, the proposed structure is made of a single highpower SST cell made with a GOES wound core transformer operating in the kHz range.

Generally speaking, the apparent power S of a transformer depends on two main parameters of the core shape: the area for windings 𝐴 ! and that for the magnetic flux 𝐴 " . The four additional major parameters are the RMS current density in coils 𝐽 #$% , the maximum flux density in the core 𝐵 & , the frequency f, and the filling factor 𝐾 ' , which depends on the actual conducting section in the window area. A well-known handbook on transformer and inductor design [START_REF] Colonel | Transformer and Inductor Design[END_REF] applies the Ampere and Faraday laws with the previously defined parameters, to obtain (1):

𝑆 = 4.44 𝐾 ' 𝐴 ! 𝐴 " 𝐽 #$% 𝐵 & 𝑓 (1) 
The author specifies that, for identical current density, induction, and frequency, the transformer volume is proportional to [𝐴 ! 𝐴 " ] ) * ⁄ . Changing the coefficient 4.44, this expression can be applied to rectangular voltages of any duty cycles [START_REF] Hamdinou | Potentiel des aciers électriques à grains orientés pour la réalisation de transformateurs compacts à forte densité de puissance[END_REF]. For the same apparent power S, the transformer size (𝐴 ! 𝐴 " ) is smaller the greater the product 𝐵 & 𝑓 is.

For such applications of GOES at frequencies higher than for their normal use, the core losses will be higher. Therefore, the core will be hotter, and the transformer design must be made so as to accept high core temperatures with coils at standard ones.

Moreover, it was proved in a recent experimental work [START_REF] Hamdinou | Potentiel des aciers électriques à grains orientés pour la réalisation de transformateurs compacts à forte densité de puissance[END_REF] that, with GOES wound cores operating in the kHz range, core losses are lower for rectangular voltages than for sine ones for the same peak flux density and frequency as presented in Fig. 1. This result proves that basic inverter commands producing rectangular voltages are better than complex Pulse Width Modulation (PWM) to eliminate several voltage harmonics. Figure 2 presents the chosen SST structure that connects a DC smart grid to the battery of an electric vehicle. The electrical energy comes from the DC smart grid during charging operations; the SST control system adapts the power flow to the battery characteristics. When economic conditions are favorable, the system can reverse the energy flow during short times to participate in grid stability. However, the charger global control system must guarantee a full charge at the programmed starting time of the vehicle. The two converters of the SST are active bridges; each bridge is made of two legs of two insulated gate bipolar transistors (IGBT). With a basic control, the voltages 𝑣 , and 𝑣 -are rectangular. For the angular frequency 𝜔, the output bridge command signals are delayed by 𝜑/𝜔 relative to the input bridge ones. Noting VA and VB the DC voltages at the input and output of the SST and for the transformer leakage inductance 𝜆 and neglected resistances, the power transferred between the SST input and output is given by (2) [START_REF] Roger | Solid-state transformers of smart high-power battery charger for electric vehicles[END_REF].

𝑃 = 𝑉 . 𝑉 / 𝜋𝜆𝜔 𝜑(𝜋 -|𝜑|) (2) 
This relation shows that the power depends on the tuning variable 𝜑. The power flow goes toward the electric vehicle for 𝜑 > 0 and toward the smart grid for 𝜑 < 0. Relation (1) also shows that the product 𝜆𝜔 must remain low; the transformer leakage inductance must be as small as possible.

III. GOES WOUND CORE FOR MEDIUM FREQUENCY TRANSFORMERS

A. Testing bench and experimental results

A half-scale prototype was built to test the specific structure required to use a GOES wound core at a much higher temperature that of coils.

Figure 3 shows the GOES wound core alone whose total mass is 2.54 kg. The whole core combines two half-cores. To build such a half-core, a GOES long strip whose width corresponds to the core's (y-direction) is wound around a steel mandrel, whose shape defines the core windows. After the thermal annealing cycle at a temperature between 500°C and 600°C, the mandrel is removed, and the half core is cut into two pieces to make possible the winding assembly. After cutting the core, a machining operation is carried out for obtaining flat and parallel surfaces. The small defaults of these surfaces yield small residual airgaps, which must be as low as possible. An external fixing system must apply a force on the two parts of each half core.

GOES strips are made with a complex metallurgic process at high temperatures. The inorganic coating layer appears during this process providing natural insulation, which is a thin and hard layer (about 5 μm) that withstands temperatures up to 800°C. During the cooling phase, the higher expansion coefficient of the steel relative to that of the ceramics creates a tensile force inside the steel, which improves the GOES's magnetic characteristics. Consequently, the force between the upper and the lower parts of the half-core is an important parameter. For a too low force, residual microscopic airgaps create vibrations. Too large forces reduce the natural tensile force inside each strip, decreasing the magnetic performance. The metallic structure provides a separate fixing of the hot core and the cold coils creating a 5 mm thick space between the core and coil support. Two small centrifugal fans create a vertical air flux between the core and coil support. The thermal insulation between the core and the metallic fixing frame is made of mica spacers. Two pressure springs placed on the upper part of the threaded rods provide a controlled vertical force on the upper parts of the half-core and a degree of freedom for the core thermal expansion. The coil support is positioned on 4 rods screwed on the lower part of the fixing frame. The 4 rods of the upper part, with their small springs, provide constant pressure on the coil support despite the small vertical displacement of the metallic frame due to the core thermal expansion. There is no contact between the core and the coil support with this design. The prototype includes 6 thermocouples; 2 between the half cores in the central leg (Cc up -1 in Fig. 4, Cc down -2 in Fig. 4), two between the upper parts of the half-cores, and the mica spacers (H-core left -3 in Fig. 4, H-core right -4 in Fig. 4), 2 between the coil support and the wires (wire left -5 in Fig. 4, wire right -6 in Fig. 4). Two 6-turn coils are wound on the support; the primary is made with a Litz wire (20 enameled wires of diameter 0.6 mm), providing a negligible AC resistance and coil heating by the magnetizing current. The secondary coil is made with a standard wire because the current is negligible for voltage measurements. Figure 5 shows a synoptic diagram of the testing bench. The primary coil can be fed with the rectangular voltage produced by an inverter or by a quasi-sine one when a lowpass filter is used. The voltage waveform is measured at the secondary; the DC source-level adjusts the average flux density peak value. The inverter command tunes the frequency. The core losses are obtained from secondary voltage and the primary current by (3) considering an exact period T. The temporal signals are recorded with a numeric oscilloscope, and expression (3) is computed with Matlab. The flux density in the core is obtained by numeric integration of the secondary voltage. Figure 6 presents an example of a recorded curve for a rectangular voltage that corresponds to a peak flux density of 1 T. For this measurement point, the core losses are 320.5 W (126 W/kg) and the core central leg temperature is 260°C. The tests were aimed at proving the feasibility of the concept. Most of them were made at 4 kHz. Several investigations were made at lower frequencies. At 2 kHz, for instance, the acoustic level is very disruptive for the operator. Deeper investigations on the noise must be made in a further study for developing the new concept and for designing bigger medium-frequency transformers able to operate in a standard industrial context.

Figure 7 presents the variations in core losses with temperature for two similar wound cores made with 0.18-and 0.10-mm thick strips operating at 4 kHz and 1 T. This figure shows the importance of choosing a wound core made of GOES strips as thin as possible. This figure also shows a significant reduction in specific core losses with temperature, which presents another argument for the design proposed allowing a GOES wound core much hotter than coils. Table 1 presents the temperature measurements made on the prototype for two operating frequencies at the same flux density when the transformer is at a steady state (1.5 h after the inverter is switched on). These measurements show that the proposed structure made it possible a hot core transformer design with coils at standard temperatures far below the core ones.

Table 1. Temperature measurements at 𝐵 ! = 1T. The temperature of this table was measured for a prototype that operates at no-load; there are no winding losses The temperature increases are only caused by core losses. In an actual transformer operating at full load, Joule losses in conducting materials participate in the increase in winding temperatures. With a class C winding electrical insulation, able to operate up to 200°C, the Joule losses can be evacuated by a temperature elevation of about 100°C despite the presence of the hot core. This temperature difference is more or less the same as for standard designs with cold cores.

B. Interpretation of experimental results

Over 2 kHz, the skin effect in GOES strips must be considered. For a given average flux density in the GOES strip, the local distribution of flux density and eddy currents highly depends on the frequency and the material resistivity. As for all metals, the resistivity of GOES increases with temperature. A non-linear time-stepping finite element simulation was made to analyze these phenomena. The model is a small part of a strip inside the GOES wound core excited by a triangular flux that corresponds to rectangular voltages. The resistivity used by the model is given by ( 4) where 𝜌 20 is the GOES resistivity at 20°C (0.48 10 23 Ω. 𝑚); T, the core temperature and 𝛼 , the material temperature coefficient 22x10 -3 K -1 . The B(H) static curve is supposed to be unchanged. 

ρ = ρ -4 [1 + α(T -20)] (4) 
Figure 8 shows that for low temperatures the flux density at the strip center is much lower than at the borders. This effect is much lower at high temperatures. Figure 9 shows that the current density's absolute value is maximum at the strip borders and that it decreases strongly with temperature. Despite the higher resistivity at high temperature, the eddy current losses decrease strongly with temperature because the local eddy current losses 𝑝 78 (𝑥, 𝑡) = 𝜌 𝐽 -(𝑥, 𝑡) depends on the square of the current density. However, the eddy current losses are not alone. At 4 kHz, the experimental results of Fig. 7 show a significant decrease in global losses due to the decrease in eddy current losses despite the unknown part of the excess losses of the standard model [START_REF] Bertotti | General properties of power losses in soft ferromagnetic materials[END_REF].

IV. HIGH-CURRENT MEDIUM-FREQUENCY COIL DESIGN

Keeping coil AC resistances as low as possible is a major issue for designing high-efficiency compact mediumfrequency transformers. Litz wires are a complex and expensive component, he they are not compatible with a lowcost objective. The choice of coils made with copper or aluminum foils is for the proposes of a simple design. On the other hand, the foil coil structure has a high turn-to-turn capacitance, which provides an excellent voltage distribution between turns during the fast fronted voltages imposed by electronic converters. Coils can be made with a single foil, but the cross-section required may be large for high currents. In these conditions, a specific winding design is required to limit proximity effect.

A. Coils made with a single foil

Preliminary analytical, numerical, and experimental investigations on a reduced-size transformer are presented. Two 12-turn concentric coils are placed on a core. Each coil is made with one 0.7 mm thick copper foil. A thin polymer layer insulates the turns. The DC resistance is 1.2 mΩ for the external coil and 1.04 mΩ for the internal one because of the shorter average turn length. AC impedance measurements are made at room temperature, up to 20 kHz, with an Agilent 4294A impedance analyzer when the internal coil is shortcircuited. Figure 10 presents the experimental transformer made with standard technologies because, for in short-circuit tests the flux density is low, and the core remains cold. In this figure, a part of the pressboard carcass is removed to show the copper foils between the white insulating layers. Measurements are compared with analytical results and finite simulation ones. The analytical model of Dowell [START_REF] Dowell | Effects of eddy currents in transformer windings[END_REF], published in 2962, is compared to other ones in a recent study, which shows that it remains the most suitable for foil windings [START_REF] Gradinger | Enabling foil windings of medium-frequency transformers for high currents[END_REF].

This well-known model is used to aid the design of foil coils. This model yields 𝑅 ." /𝑅 9" , the ratio between the AC and DC resistances of a 𝑛 5 -turn coil made with a conducting foil of thickness 𝑡 : . The skin depth 𝛿 in the conducting material depends on its conductivity 𝜎 , on the absolute permeability 𝜇 of the material (𝜇 = 𝜇 4 for Cu and Al) and the angular frequency 𝜔 (5). Dowell's formulae (6) introduce the variable 𝑋 = 𝑡 : 𝛿 ⁄ , providing a simpler equation.

𝛿 = V 2 𝜔𝜇𝜎 (5) 𝑅 ." 𝑅 9" = 𝑋 sinh(2𝑋) + sin(2𝑋) coxh(2𝑋) -cos(2𝑋) + 2𝑋 𝑛 5 --1 3 sinh(𝑋) + sin(𝑋) coxh(𝑋) -cos(𝑋) (6) 
Figure 11 applies Dowell's model to the considered transformer made of two concentric foil coils. The red line in Fig. 13 is plotted using [START_REF] Olowu | Multiphysics and Multiobjective Design Optimization of High-Frequency Transformers for Solid-State Transformer Applications[END_REF]. The finite element simulation is made with the 2D model presented in Fig. 12, where air layers are introduced. The core permeability is supposed to be infinite, and the simulation is made with a dense mesh and a linear solver. Results are presented in Fig. 13 as measurements. This figure shows that Dowell's model is optimistic; it gives the lowest increase in AC resistance. Conversely, the 2D FEM model is very near the measurements. The FEM model was used with several horizontal and vertical distances, at 10 kHz, for the same coil sizes, varying the core geometry. For a vertical distance between the core and the coil ranging from 1.5 mm to 6.5mm, the AC resistance does not change (a decrease of 0.3%). Similar results are obtained when the change is applied to the air gap between coils. Conversely, increasing the horizontal distance between the core and the coil by 10 mm decreases the AC resistance by 30%; but the core window filling factor is lower.

Experimental results and simulations show that, at 4 kHz, the ratio 𝑅 ;8 𝑅 <8 ⁄ is about 8 for two concentric coils made with 0.7 mm thick foils. This high value is a strong limit for high-power applications. A possible solution is to split the two coils into several parts and interleave them. With such a solution, the magnetic fields at the foil borders (red points in Fig. 11) form several triangular curves of reduced magnitude rather than a single one, the proximity effect is lower. This interpretation can also be made by observing the lower 𝑛 5 term in the second line of Dowell's formulae ( 6) is squared; a reduction of this term reduces the Dowell's result despite the series connection or the elementary coils forming the primary and the secondary.

Lower cost aluminum foils have a higher resistivity, and the DC resistance is higher for the aluminum coils (𝑅 9" = 1.02 𝑚Ω for Al and 𝑅 9" = 0.66 𝑚Ω for Cu). The AC resistances must be compared with absolute values (Fig. 14). This figure shows that the higher resistivity of aluminum becomes an advantage over 2 kHz for this geometry. A thicker skin depth δ for aluminum foils than for copper ones explains this result. 

B. Coils made of several thin foils connected in parallel

For high current applications (several hundred Amperes), a parallel connection of thin foils is necessary to provide a sufficient conductor cross-section with low AC resistances.

A hundred years ago, in 1914, Ludwig Roebel developed a design for low AC resistance copper cable, which takes his name. Its main idea was to split the current into several bars and ensure their transposition along the cable [START_REF] Roebel | Leiter fur Electrische Maschinen, Welcher aus Zwei Oder Mehr Gruppen von Teilleitern Besteht[END_REF]. These cables were used as stator bars in large turbogenerators [START_REF] Bennington | Transposition in turbogenerator coil sides short circuited at each end[END_REF]. Several decades later, papers were published describing methods of transpositions of cable strands for power electronic applications [START_REF] Wojda | Analytical winding size optimisation for different conductor shapes using Ampère's Law[END_REF][START_REF] Nigam | Multi-layer barrel-wound foil winding design[END_REF][START_REF] Pollock | The Design of Barrel-Wound Foil Windings with Multiple Layers Interchanged to Balance Layer Currents[END_REF].

Figure 15 presents the central fold of 5 conducting foils used to wind a 7-turn coil. The current in each foil was simulated with a 2D finite element model. Results show an imbalance between the currents in the 5 aluminum foils of the same length. This imbalance is due to the flux in the thickness of the insulating layer between the foils. To limit this drawback, anodized aluminum foils insulated on each side by a thin alumina layer (3 -6 μm) can be used [39]. The preliminary investigations on windings show that coils made with thin foils connected in parallel become a complex solution for high-current applications. However, these solutions cannot be considered for a low-cost application. Concentric wide foil coils with primary and secondary coils split into several parts, connected in series, and placed alternately in the global concentric winding is a better solution.

V. DETAILED STRUCTURE OF THE SMART CHARGER

The smart charger must be able to adapt its characteristics to a large panel of electric vehicles with various DC voltage requirements. The structure proposed in Fig. 16 has two output converters (bridges B and C). The 800 V DC smart grid imposes 𝑈 . at the bridge A input and the vehicle batteries 𝑈 / and 𝑈 " . The filtering capacitances 𝐶 . , 𝐶 / and 𝐶 " are connected very near the corresponding IGBT bridges to avoid 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 -500 V), these outputs are connected in parallel to double the available current. The control system acts on the pulses widths and on the phase shifts 𝜑 / & 𝜑 " of the bridges B and C, relatively to the bridge A. As detailed in (2), these phase shifts define the transferred power. For a perfect transformer (equal leakage inductances), a single variable 𝜑 = 𝜑 / = 𝜑 " defines two equal powers. However, the control system can create a small difference between 𝜑 / and 𝜑 " to compensate the small difference in the transformer's leakage inductance.

The smart charger is designed for a rated power of 400 𝑘𝑊 (output mean currents < 𝑖 / > = < 𝑖 " > = 400 𝐴 for 𝑈 / = 𝑈 " = 500 𝑉 and < 𝑖 . > = 500 𝐴. Consequently, the medium frequency transformer must have a higher rated apparent power (~500 𝑘𝑉𝐴) because of the reactive power exchanged with the capacitances 𝐶 . , 𝐶 / and 𝐶 " due to the leakage inductances and the magnetizing one. The rated power is obtained when the positive and negative pulse widths are equal to half a period. Therefore 𝑉 ,#$% = 𝑈 . = 800𝑉 and 𝑉 -#$% = 𝑉 )#$% = 500𝑉 . The primary and secondary current are respectively 625 𝐴 #$% and 500 𝐴 #$% . The medium frequency transformer proposed structure is presented in Fig. 17. The 2 secondary coils are placed between the 3 coils connected in series forming the transformer primary. This winding structure is based on the results of the previous section; the interleave of primary and secondary coils reduces the proximity effect and allows the use of thicker folds. A large cross-section is obtained using wide foils (150 mm). A 2D finite element simulation computes the AC equivalent resistance of the part of the foil winding inside a core window. This equivalent resistance is seen from the primary side when the two secondary coils are connected in series and short-circuited. 8 solutions are considered (Cu and Al of thicknesses 1, 1.5, 2, and 3 mm). Results are presented in Fig. 18. This figure shows that, at 4 kHz, the best solutions, in decreasing order, are Cu -1.5 mm & Cu -2 mm. Two solutions are equivalent Cu -1 mm & Al -1.5 mm, with a resistance of 0.52 mΩ. Al -1 mm has a too high DC resistance, and for 3 mm folds, the proximity effect is too high. At 6 kHz, the best solutions are Cu -1.5 mm, Cu -1 mm, and Al -1.5 mm. The choice must be made comparing the costs, considering that, for the same thickness, an aluminum foil is approximately five times cheaper than the copper one. A low-cost solution can use aluminum foils of 1.5 mm thickness and 150 mm width. With this choice, the crosssection is 225 mm 2 and the current densities are 2.77 A/mm 2 for the primary and 2.22 A/mm 2 for the secondary. The foils are insulated by a class C (200°C) polymer layer a little wider than the foils and notched on each side to ensure good foil borders insulation. The mechanical structure is similar to the prototype one. The winding is fixed between the 8 pressure rods of the mechanical structure drawn in blue in Fig. 17. There is no contact between the hot core and the windings. Six small centrifugal fans create a vertical fresh air flow between the hot core and the coils. The GOES wound core is made of 0.1 mm thick GOES strips. The total section offered to the flux is 𝐴 " = 53 𝑐𝑚 -. At 1 T -4 kHz, the primary is made of three 4-turn coils connected in series to reach 800 V. Each secondary coil has 8 turns, and the no-load voltage is 533 V.

With this design, the mass of 5 concentric coils is estimated to 11 kg. The mass of the GOES wound core is 25 kg, hence the mass of the active parts is 36 kg. Adding 20% for the fixing system, the transformer mass is estimated to be 43 kg.

The core losses are estimated from measurements made at 4 and 6 kHz on the half-size prototype at the same flux density and frequency. The winding losses are estimated considering the equivalent resistances obtained by simulation (Fig. 18). The power factor is supposed to be 0.8. With these parameters, the performances of the transformer alone at 4 kHz are estimated in the first line corresponding line of table 2.

At 6 kHz and with the same coils, the currents are unchanged, but the voltages increase with the same ratio as frequencies (6/4). The losses in the core and in the winding increase. However, the higher voltages with the same currents correspond to a higher power and a slightly better efficiency. Results are presented in the last line of table 2. Comparing to a standard dry transformer at 50 Hz, at 4 kHz, the specific power is 20 times higher.

Tables 3 gives the losses in bridges made of SKM 400 GM 17 E4 (1700V/400A) legs. The calculus is made using wellknown methos [START_REF] Seguier | Electronique de puissance -structures, commande, applications -dixième edition[END_REF]. Table 4 presents the global losses and the efficiencies of the whole smart charger for two frequencies. 

VI. CONCLUSION

The paper presents theoretical and experimental investigations on a transformer made with low-cost GOES wound cores operating at medium frequencies (4 and 6 kHz). It proposes a practical implementation of the original concept of a hot core inside windings at standard temperatures. This concept uses the good performances of GOES at high temperatures. The mechanical structure includes an airflow in the small space between the core and windings. There is no direct contact between core and winding. This structure makes it possible a significant temperature difference between the core and the winding. The experimental part of the paper proves that, with the design proposed and airflows supplied by two small centrifugal fans, the core central leg can be at a temperature over 270°C inside a winding under 100°C when the transformer is at a steady state.

The paper also proposes a winding structure of concentric coils made with wide aluminum foils providing low AC resistance at 4 and 6 kHz. This low-cost design has a low environmental footprint; it offers a good solution for keeping low Joule losses, considering skin and proximity effects.

Comparing the new design proposed with the ones currently used ones for SST's transformers, the main disadvantage is the lower operating frequencies, which corresponds 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, consequently, reduced switching losses. The coil's structure provides an excellent voltage distribution allowing high voltage operations. With a good heat flow management and limited coil AC resistance, it is possible to obtain higher global efficiencies than conventional solutions operating at higher frequencies.

The paper presents a study that can be considered at the technology readiness level 3 (TRL3) that corresponds to a proof of concept. Tests have highlighted a technological barrier, related to acoustic noise, that must be overcome to reach the TRL4 level. Several research results are available for starting these further works. One of them deals with the influence of the GOES manufacturing process on transformer noise [START_REF] Lahn | Improved Transformer Noise Behavior by Optimized Laser Domain Refinement at ThyssenKrupp Electrical Steel[END_REF]. Another paper centered on noise measurement methods in the aircraft industry [START_REF] Kelley | Measurement of spacecraft power transformer acoustic noise[END_REF] provides an interesting approach. The paper [START_REF] Rossi | Vibration reduction of inductors under magnetostrictive and Maxwell forces excitation[END_REF] proposes a simple analytical model of the core vibration caused by the magnetic forces that can help the interpretation of further measurements. A more fundamental study. [START_REF] Shuai | Influence of Material Properties and Geometric Shape of Magnetic Cores on Acoustic Noise Emission of Medium-Frequency Transformers[END_REF] give more details on the core vibrations; it shows that the noise is dominant in directions perpendicular to the lamination layers of wound cores. This result will be helpful for defining the position of the acoustic insulation panels in the SST's electrical cabinet.

The following step is the construction of a full-scale lowcost battery smart charger placed in its industrial electrical cabinet. An experimental analysis of the thermal behavior will provide the rated power with a well-defined safety margin relative to the thermal temperature class of the winding electrical insulation system. Thermal performances and acoustic noise spectra will be the two major elements for choosing of the operating frequency.

Fig. 1 .

 1 Fig. 1. Specific losses in a wound core, made with 0.18 mm thick GOES sheets, for a rectangular and a sine voltage and the same peak flux density 1 T (experimental results) [17].

Fig. 2 .

 2 Fig. 2. Smart bidirectional charger structure based on an SST made of a medium frequency transformer placed between two IGBT bridges forming a Dual Active Bridge (DAB) structure.

Fig. 3 .

 3 Fig.3. GOES wound core before its installation in the transformer.

Figure 4

 4 Figure4presents the half-size prototype. The metallic structure provides a separate fixing of the hot core and the cold coils creating a 5 mm thick space between the core and coil support. Two small centrifugal fans create a vertical air flux between the core and coil support. The thermal insulation between the core and the metallic fixing frame is made of mica spacers. Two pressure springs placed on the upper part of the threaded rods provide a controlled vertical force on the upper parts of the half-core and a degree of freedom for the core thermal expansion. The coil support is positioned on 4 rods screwed on the lower part of the fixing frame. The 4 rods of the upper part, with their small springs, provide constant pressure on the coil support despite the small vertical displacement of the metallic frame due to the core thermal expansion. There is no contact between the core and the coil support with this design.

Fig. 4 .

 4 Fig. 4. Image of the half-size prototype aimed at measuring core losses at medium frequencies for several temperatures. The 6 thermocouples are inside the yellow circles.

Fig. 5 .

 5 Fig. 5. Synoptic diagram of the testing bench.

Fig. 6 .

 6 Fig. 6. Example of recorded voltage and current curves at 6 kHz for a wound core made with 0.10 mm thick GOES trips. The rectangular voltage imposed is 150 VPeak, corresponding to a peak average flux density of 1 T.

Fig. 7 .

 7 Fig. 7. Variations of specific core losses with temperature at 1 T -4 kHz for two GOES strip thicknesses.

1 .

 1 Cc up: upper part of the central core. 2. Cc down: lower part of the central core. 3. H-core left: upper part of the left half-core. 4. H-core right: upper part of the right half-core. 5. Wire left: upper part of the coi1 on the left. 6. Wire right: upper part of the coil on the right.

Figures 8 and 9

 9 Figures 8 and 9 give the local flux density B(x,t) and the current density J(x,t) along a line in the strip thickness. These curves are plotted after the transient state, at a time that corresponds to the peak average flux density. A simulation was made for rectangular voltages at 4 & 6 kHz and 20°C & 350°C.

Fig. 8 .

 8 Fig. 8. Distribution of the flux density inside the GOES strip thickness for Bm = 1T at 4 and 6 kHz for two temperatures.

Fig. 9 .

 9 Fig. 9. Distribution of the current density inside the GOES strip thickness for Bm = 1T at 4 and 6 kHz for two temperatures.

Fig. 10 .

 10 Fig. 10. Wound core transformer with 2 concentric 12-turn coils used for preliminary tests; The black line shows the separation between the primary and secondary coils.

Fig. 11 .

 11 Fig.11. 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.

Fig. 12 .

 12 Fig.12. Finite element model of concentric coils made with copper foils.

Fig. 13 .

 13 Fig. 13. Resistance increase with frequency. Experimental, FEM and Dowell model for the experimental transformer geometry.

Fig. 14 .

 14 Fig. 14. Comparison of the Cu and Al AC resistances.

Fig 15 .

 15 Fig 15. Central fold used to build a 5-fold coil with an inversion the foils that provide the same length to foils when the coil is wound.

Fig. 16 .

 16 Fig. 16. Detailed power structure of the smart charger.

Fig. 17 .

 17 Fig. 17. Proposed structure for a low-cost medium frequency 500 kVA transformer based on a GOES wound core and aluminum foil coils.

Fig. 18 .

 18 Fig.[START_REF] Kauder | Performance Factor Comparison of Nanocrystalline, Amorphous, and Crystalline Soft Magnetic Materials for Medium-Frequency Applications[END_REF]. AC equivalent resistance of the part of the foil winding inside a core window for several foil materials and thicknesses.

Table 2 .

 2 Transformer main characteristics expected for 4 and 6 kHz.

	f	V1	I1	S	P	PC	PW	P/m	𝜂
	(kHz)	(V)	(A)	(kVA)	(kW)	(kW)	(kW)	(kVA/kg)	(%)
	4	800	625	500	400	3.85	1.35	11.6	98.7
	6	1200	625	750	600	4.3	1.59	17.4	99.0

Table 3

 3 

			. Losses in the 3 converters.	
	f	Bridge A	Bridges B and C	Total
	(kHz)	Pcond	Pcomm	Pcoond	Pcomm	(W)
		(W)	(W)	(W)	(W)	
	4	1860	130	2800	132	4922
	6	1860	290	2800	200	5250
		Table 4. Global losses and efficiencies.	
	f	Transformer	Converters	Total	Efficiency
	(kHz)	(kW)	(kW)	(kW)	(%)
		Core	Windings			
	4	3.85	1.35	4.92	10.12	97.4
	6	4.3	1.6	5.25	11.15	98.1