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High Voltage SiC power MOSFETs have specific driving challenges such as a reduced short circuit capability (compared to Si IGBTs) and a weak field oxide layer, a large gate to source driving voltage (compared to GaN FETs), a high electric field under negative gate bias in off-state and a high switching speed. The negative bias in off-state creates a high stress which reduces the reliability of the SiC MOSFET. The high positive gate bias can generate large drain saturation current in case of short circuit events. We propose a modular multilevel architecture, which takes benefits of SOI isolation and low voltage CMOS transistors to drive SiC MOSFETs and to improve their reliability using an active and dynamic multilevel-selection on the switching sequences and on/off states.

INTRODUCTION

Wide bandgap power transistors such as SiC MOSFETs show improvements on the efficiencypower density trade-off for next generation power converters. However, SiC MOSFETs have specific behaviors which impact performances, reliability and their dedicated gate drivers: the drain current is governed by majority carriers and channel characteristics [START_REF] Hosoi | Reliability-aware design of metal/high-k gate stack for high-performance SiC power MOSFET[END_REF][START_REF] Wirths | Vertical 1.2kV SiC Power MOSFETs with High-k/Metal Gate Stack[END_REF][START_REF] Fayyaz | Aging and failure mechanisms of SiC Power MOSFETs under repetitive short-circuit pulses of different duration[END_REF], the gate to source voltage swing is rather large to achieve a low on state resistance (high positive VGS, e.g. +18V or +20V) and to guarantee a sufficient immunity to higher dVDS/dt and Miller parasitic coupling (negative VGS, e.g. -4V). To improve the overall performances and reliability of SiC MOSFETs and to offer new gate driving degrees of freedom, we propose an original multilevel gate driver architecture (building-block approach) on a single CMOS IC. The principle is to use the highly efficient low voltage 5V transistors and capacitors for the gate driver, and to connect several stages in series, each stage being isolated via Deep Trench Isolation (DTI) and integrated on the same chip. As a consequence, the applied gate-to-source voltage of the SiC power MOSFET can be easily shaped, with new functionalities.

II. CLASSICAL TOPOLOGY

Typically, the output buffer stage of gate drivers for SiC MOSFETs is based on a split output current amplification push-pull (Fig. 1,2). However, this simple circuit suffers from important limitations: a) the SiC gate driving voltages are linked with the IC technology and gate driver supply levels, hence neither their values nor the switching speed can be dynamically and quickly tuned.

High voltage CMOS MOSFETs (e.g. >40V) are required to be compatible with SiC driving voltages. b) Under hard switching fault (HSF) type I short-circuit, the SiC MOSFET's drain current is only limited by the high saturation current (between 7 and 10 times the rated current), which is related to the large applied gate-to-source voltage during turn-on and the low VGSth compared to Si MOSFETs (Fig. 3). c) to increase the safety margin of parasitic Miller coupling during dVDS/dt, the negative VGS during off-state creates a high stress on the SiC gate stack and also reduces the performances in III rd Author version of the accepted paper. Published in the proceedings of IEEE ISPSD 2020https://doi.org/10.1109/ISPSD46842.2020.9170181

To offer an improved driving scheme for SiC MOSFETs, we propose a Modular Multilevel Active Gate Driver (MMAGD).

Other attempts for multilevel gate drivers have been presented in the literature, mainly with discrete solutions [START_REF] Zhao | Adaptive Multi-Level Active Gate Drivers for SiC Power Devices[END_REF][START_REF] Ning | Feasibility and Limitation of DC/DC Multilevel Converter Power ICs Using Standard CMOS Transistors[END_REF][START_REF] Dong | A gate drive circuit with mid-level voltage for GaN transistors in a 7-MHz isolated resonant converter[END_REF][START_REF] Dymond | Multi-level active gate driver for SiC MOSFETs[END_REF][START_REF] Dearien | Slew Rate Control of High-Voltage SiC MOSFETs using Gate Resistance vs[END_REF][START_REF] Zeng | Comparative Study on Multiple Degrees of Freedom of Gate Drivers for Transient Behavior Regulation of SiC MOSFET[END_REF][START_REF] Idir | Active gate voltage control of turn-on di/dt and turn-off dv/dt in insulated gate transistors[END_REF], while active gate drivers focused on improved switching loss -EMI tradeoff [START_REF] Bau | Sub-Nanosecond Delay CMOS Active Gate Driver for Closed-Loop dV/dt Control of GaN Transistors[END_REF][START_REF] Chen | A Smart IGBT Gate Driver IC with Temperature Compensated Collector Current Sensing[END_REF] or short circuit protection [START_REF] Sadik | Short-Circuit Protection Circuits for Silicon-Carbide Power Transistors[END_REF]. The core idea here is to cascade 5V CMOS push-pull circuits in series, each being supplied by the energy stored in 5V floating capacitors (Fig 4 .). This technique can also be applied with 1.8V or other voltages, which takes benefits of low voltage transistors and integrated capacitors with better figures of merit than high voltage CMOS transistors (e.g. >40V) for 2-level gate drivers. However, it is required to isolate each low voltage transistor, due to the non-zero common mode voltage (e.g. higher than 20V) and floating potentials as a function of the state of the other series-connected transistors. As a consequence, the XFAB XT018 SOI CMOS technology (180nm)

was chosen, thanks to its isolation capability with DTI, efficient 1.8V digital, 5V-40V analog CMOS, high density passive components, high temperature capability and its availability through MPW. Each floating push-pull, pre-amplification circuits and 

B. Preliminary results

Fig. 7. presents the characterization of one 5V submodule, which was designed and previously validated [START_REF] Rouger | CMOS SOI gate driver with integrated optical supply and optical driving for fast power transistors[END_REF]. The output 5V

PMOS and NMOS of one submodule have a RDSon of 0.26Ω (25°C), +/-5A source/sink capability and a maximum slew rate of 5V/ns. Other specifications can be found in [START_REF] Rouger | CMOS SOI gate driver with integrated optical supply and optical driving for fast power transistors[END_REF].

C. Design and layout of the SOI-CMOS MMAGD

Each submodule is based on the previously proposed 5V-0.26Ω split output buffer. Hence the complete MMAGD exhibits a maximal total gate driver resistance of 1.3Ω for 5 submodules connected in series. In each submodule, the 5V split output buffer 
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 2 Fig. 2. Simulated waveforms of Fig. 1, with a constant Ciss (1nF). Two key challenges are highlighted in red, with a typical +16V/-4V VGS driving.
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 13 Fig. 1. Classical CMOS push-pull buffer with split output, driving SiC MOSFET with Kelvin Source.
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 4 Fig. 4. Proposed multi-level modular SOI-CMOS gate driver (MMAGD), based on five submodules. All functions are integrated on one IC (insert).

Fig 5 .

 5 shows the simulation of the MMAGD, where each floating capacitor is previously charged at 4V and an improved SiC driving is proposed. The PWM0..4 signals are generated based on the input PWM signal and the desired SiC VGS voltage sequence. Several voltage levels can also be obtained by a different combination of PWM0..4 signals (e.g. VGS =0V, +4V..+12V). Benefits of the MMAGD are highlighted in Fig5:a reduced HSF short circuit current thanks to a reduced VGS only during turn-on (albeit higher than the worst case Miller plateau voltage), a high VGS for low SiC conduction losses, a dynamic negative VGS to improve immunity to dVDS/dt (high/low side crosstalk), and a zero VGS in off-state to reduce the SiC field oxide stress[START_REF] Hosoi | Reliability-aware design of metal/high-k gate stack for high-performance SiC power MOSFET[END_REF][START_REF] Wirths | Vertical 1.2kV SiC Power MOSFETs with High-k/Metal Gate Stack[END_REF]. Even if the VGS voltage is reduced to +12V during turn-on, the peak gate current is maintained high to guarantee high switching speeds and low SiC switching losses thanks to a lower gate resistance than the one in classical 2-level operation. One has to note that the source internal resistance distributed on each submodule naturally contributes to this apparent gate resistance. The floating capacitors can be recharged by two ways: each submodule has a bootstrap-like circuit which can recharge its floating capacitor as long as the floating ground GND_HV0..4 is connected to the IC GND, and/or by harvesting a part of the SiC gate charge during switching transitions.

Level 1 :Fig. 5 .

 15 Fig. 5. VGS simulated waveform with the multilevel architecture from Fig.4., highlighting the benefits of the proposed multilevel driving scheme on the SiC MOSFET.
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 7 Fig. 7. Left, optical microscope picture of a 5V split output buffer. Right, Experimental waveforms on a 1nF constant capacitor, at 1MHz, VGS = 0V...+4V.

  quadrant operation. d) the stored SiC gate Author version of the accepted paper. Published in the proceedings of IEEE ISPSD 2020https://doi.org/10.1109/ISPSD46842.2020.9170181 charge is dissipated through the RGoff gate resistor during turn-off, whereas recycling such a gate charge would offer the possibility to downsize the isolated gate power supply. As a consequence of these limitations, one would like to actively tune the gate to source driving voltage of SiC MOSFETs, to combine a high switching speed capability, low on-state resistance, high immunity to dVDS/dt, improved short circuit capability, and to modify the gate driver architecture.

III. PROPOSED ARCHITECTECTURE

A. Modular Multilevel Active Gate Driver