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In the paper, the design of the high-power Solid-State Transformers is presented. The transformer components such as the core and coils have been selected to minimize losses at high frequencies and high power. The bridge command is discussed. The core has been selected so that it can work at high temperatures higher than coils. Therefore, coils must be made with a specific thermal design including an insulation layer that reduces the thermal flux between the core and the coils made of Litz wires.

I. INTRODUCTION

With more and more renewable intermittent sources in the electrical grid, the whole system's stability becomes more complex. Smart nodes, able to control bidirectional energy flows in real-time in the grid's critical nodes, can be very useful [START_REF] Kuntze | Secure deployment of smartgrid equipment[END_REF]. Solid-State Transformers (SSTs) can perform this function [START_REF] Vaca-Urbano | Power quality with solid state transformer integrated smart-grids[END_REF]. They are also suitable applications requiring a high power density, such as railway traction systems [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]. The central element of an SST is a transformer operating at a high frequency. For SSTs, as for every electronic power converter, the passive components are smaller for higher operating frequencies, but losses are higher. For designing high-power SSTs (over 100 kVA), the frequency-dependent losses in electronic switches and coils become major issues [START_REF] Cougo | Accurate switching energy estimation of wide bandgap devices used in converters for aircraft applications[END_REF]. The coils must be made with Litz wires to limit the increase of the AC resistances and the copper losses. This problem can be studied using a finite-element method (FEM), but it is very time-consuming due to the Litz wire complex 3D geometry. Beyond numerical calculations, several fast analytical methods are based on separate skin calculations, internal proximity, and external proximity losses [START_REF] Rossmanith | Measurement and characterization of high frequency losses in nonideal litz wires[END_REF][START_REF] Sullivan | Optimal choice for number of strands in a litz-wire transformer winding[END_REF][START_REF] Li | An Analytical Loss Model of Litz-Wire Windings for Transformers Excited by Converters With Winding Configurations Considered[END_REF][START_REF] Ehrlich | Fast Numerical Power Loss Calculation for High-Frequency Litz Wires[END_REF].

The paper proposes an SST design consisting of operating at medium frequencies (few kHz), with a reduced number of switching per period (rectangular voltages). For such operating frequencies, the transformers can be designed with a wound magnetic core made of thin grain-oriented electrical steel (GOES) sheets. A previous study shows that, at the same frequency and peak flux, the wound GOES core has lower eddy current losses for rectangular waveforms than sine ones [START_REF] Ichou | Assessment of a grain oriented wound core transformer for solid state converter[END_REF]. Consequently, this converter simple command yields low switching losses and iron losses as low as possible. Because of the GOES high magnetic permeability, the cores can be made with long average magnetic field lines at acceptable magnetizing currents. Such cores offer large windows for coils. Therefore, the Litz wire's current densities can be lower than for standard designs, which yields lower copper losses.

II. SIMPLE STRUCTURE OF A SOLID-STATE TRANSFORMER

The heart of an SST cell is a high or medium frequency transformer placed between two electronic bridge. This structure, called "dual active bridge" (DAB), is presented in Fig. 1. The filtering capacitances 𝐶 ! and 𝐶 " are supposed to be large enough for keeping 𝑈 ! and 𝑈 " constant on a period. The losses in the first electronic bridge (S11… S14) is the sum of the conduction and switching losses. Noting 𝑉 #$%&' the saturation voltage of an IGBT, 𝑡 ( and 𝑡 ) the rise and fall times of the collector current in an IGBT, <𝑖 ! > the mean value of the input current 𝑖 ! and 𝑓 % the switching frequency, the losses are given by: 𝑃 *+,-./ = 𝑃 012,/ + 𝑃 0133/ 𝑃 012,/ ≈ 2𝑉 #$%&' < 𝑖 ! > 𝑃 0133/ ≈ 𝑈 ! < 𝑖 ! > /𝑡 ( + 𝑡 ) 0𝑓 4

The input power of the first bridge is 𝑃 ! = 𝑈 ! < 𝑖 ! > ; therefore, the relative value of conduction losses is all the less as 𝑈 ! is large. This assertion assumes that 𝑉 #$%&' is constant. The switching losses are proportional to the transmitted power and to the switching frequency 𝑓 % . The expressions are similar for the bridge 2. Consequently, it is important to operate at the lowest possible switching frequency, which can be the same as the operating frequency. Therefore, the voltage 𝑣 / is made of a single pulse per half-period, as shown in figure 2. The angle β∈[0,π] determines the RMS value of 𝑣 / ; the phase lag φ is used to synchronize the two bridges to control the sign and the magnitude of power flow through the SST. 

III. TRANSFORMER DESIGN

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 the windings. The core section's product by the coil window area is proportional to the product of the maximum flux density by the operating frequency, which must be as high as possible.

A. COES wound core

Several magnetic materials are available: ferrites, amorphous or nanocrystalline materials, and GOES. Ferrites can operate at very high frequencies (> 20kHz), but at limited flux densities (< 0.4T), their relative permeabilities are in the range of 2000, and they can operate up to 120°C. Amorphous and nanocrystalline materials can operate up to 1.2 T but at lower frequencies than ferrites; their permeabilities are higher than ferrites; the maximum operating temperature is similar. The GOES can operate up to 1.8 T but at frequencies under a few kHz. The relative permeability is very high (36000). They can operate up to 500°C. Ferrites and GOES are available in large quantities at reasonable costs; they have a larger industrial feedback than amorphous or nanocrystalline materials.

Figure 3 compares the losses in a GOES wound core at 2 kHz and the same peak flux densities for square and sine voltages. It shows an increase of losses with the flux density, but losses remain lower for rectangular voltages than for a sine one. Other experiments were carried out at high temperatures (Fig. 4). Losses decrease when the core temperature increases because of the natural increase of the resistivity. With a GOES wound core, which offers large windows for coils, it is possible to add thermal insulation between the core and the coils for getting lower core losses with a core at a higher temperature than coils.

B. Coils made with Litz wires

Because of the skin and proximity effects, the AC resistance of coils increases with frequency. For medium frequency large powers transformers, the coils must be made with Litz wires. The turn arrangement in coils and the Litz wire parameters (strand section, number of strands) is critical for designing the medium frequency high power transformer. The turn arrangement must be made for getting a good voltage distribution along coils of the voltage spikes due to the fastfronted voltages.

IV. CONCLUSION

For designing high-power SSTs, the bridge command must be as simple as possible (rectangular voltages with a single pulse per half-period). The wound GOES core can operate at a temperature higher than coils. Therefore, coils must be made with a specific thermal design, including an insulation layer that reduces the core's thermal flux and the coils made of Litz wires. Simulations and measurements are made on individual elements before building the SST prototype.
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 1 Fig.1. Structure of a dual active bridge (DAB) with a central transformer.
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 2 Fig. 2. Voltage made of a single pulse per half-period.
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 3 Fig.3 Specific losses in a GOES wound core for a rectangular and a sine voltage (experimental results).
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 4 Fig. 4. Core losses variations with the core temperature for rectangular voltages (experimental results).