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High temperature operating converter

Two sample SiC JFET are characterized and used to build a high operating temperature converter. Power losses are evaluated, the effect of temperature on ONState resistance and saturation current is measured and discussed. Temperature effects on dynamic behaviour is not a major issue. Total losses vary with temperature. A 600V/300V converter is build and tested. JFET and inductor are cooled at 300°C.

Introduction.

High temperature power electronics has become a possibility by the development of Silicon Carbide (SiC) components. Breakdown voltage remains high at high temperatures, over 250°C, where silicon devices reach an absolute limit. The perspective of high operating temperature power components permits to imagine heatsinkfree systems or converters embedded in the vicinity of internal combustion engines. Extreme environments are a new area for power electronics based on SiC. This is why we are studying converters with a cold cooling source at temperatures in the 300°C range. JFET components are becoming available outside laboratories, the devices used in this work comes from SiCED. A SiCJFET/SiMOSFET cascode assembly provided in a plastic flat package, rated 1200V2A. Cascode is used to get rid of the normallyON behaviour of JFETs or to use SiCJFET as an 'almost pin to pin' replacement of MOSFETs or IGBTs. Nevertheless, in this work cascode operation is not used, the MOSFET is disabled (G and S terminals are connected together) and the JFET is driven using a slightly modified standard integrated MOSFET IGBT driver. High junction temperature converter brings to the foreground leakage current limitations of diodes however the reverse characteristics of JFETs make possible diodeless converter. Free wheeling take place in the bulk structure of the JFET used. Another issue of high temperature is passive components. Capacitors are almost inexistent at 300°C while magnetic cores can be purchased on the web. Conductor designed for high temperature are also common. The converter presented in this paper is a 600V/350V buck converter with both inductor and switching cell cooled at 300°C.

Static characterization

SiC JFET power components are characterized to study temperature effects on majors parameters and to define the thermoelectrical limits. This knowledge is the basis for the design of the inverter. Temperature is set by a hot air furnace and verified by thermocouples placed on the metal case of the devices, ranging from 30°C to 300°C.

To start with, the JFET are characterized as power switches this is why the Drain to Source voltage is limited from 2V to 2V in the ON State, see Fig. 1.

It can be seen that the ONresistance varies with temperature from 1Ω at 30°C to 4Ω at 300°C. Saturation current is measured and drops by a factor of 4 as temperatures rises to 300°C. It should be noted here that the devices used in this paper are first generation JFET from SiCED and that newly released versions have a reduced temperature dependency. For testing reverse conduction properties of the JFET the same voltage range is used for comparison purposes. In the OFFstate the JFET exhibits a reverse conducting characteristic as a diode that is used for free wheeling, see 
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Switching losses measurement

In an inverter leg, deadtime, tm, and gate resistor, Rg, can have a dramatic effect on losses, Eon and Eoff, [START_REF] Morel | On the choice of blanking times at turnon and turnoff for the diode less SiCJFET inverter bridge[END_REF] An experimental test setup is used to electrically measure switching losses at turnON and turnOFF, see Fig. 5. with deadtime, tm, gate resistor, Rg and temperature, T, as parameters.

The inverter leg is built using sample SiC JFET connected to a ceramic capacitor on a double sided printed circuit board with a grounded back plane to reduce inductive parasitic effects . Q3 of Fig. 4 is used to connect a constant current source to the inverter leg during a switching sequence, thus allowing pulsed mode operation. Pulsed mode operation is chosen to limit self heating of the JFET under test, therefore case temperature can be assumed to be equal to internal junction temperature. Case temperature is set by placing the devices in a hot air furnace. When electrical measurements are stable in time it is assumed that thermal equilibrium is reached. Drain current is sensed using a coaxial wide bandpass shunt -1GHz -and voltage is measured with two paired probes placed in a differential arrangement, bandwidth is approximately 400 MHz.

Probes are compensated and deskewed. We have published [START_REF] Dominique | 300°C operating junction temperature inverter leg investigations[END_REF], this year at EPE, such work and results. The converted described here uses the same switching cell, so previous optimization work can be used. The optimal values of resistance and deadtimes are used in this paper. Fig. 5 summarizes it and presents the switching losses as a function of temperature.

Total power losses evaluation

A simple evaluation is made from static and dynamic data in order to set the maximum possible frequency range of the JFET switching cell built using the tested devices. Static measurements are used for conduction modelling. Dynamic measurements produced switching losses as functions of dead time and gate resistor. Switching losses, not much affected by temperature, are multiplied by frequency and addedup. While conduction losses are computed using the value of the current, conduction time and ONresistance varying with temperature Fig. 6 shows that 100kHz to 300kHz operation is possible. 

Experimental converter

This time the converter is a buck converter aimed at accumulators powered power DCbus for traction. The accumulators bank voltage is 600V, the DCbus is 300V. A reversible converter is build around one inverter leg built with two JFET. For economical reasons and availability, very high temperature capacitors and interconnect is not used. Only the JFET and the inductor are cooled at 300°C using a hot air furnace. The rest of the circuit is at room temperature. The schematic is presented at Fig. 6, dashed rectangle indicates components cooled at 300°C.

A closeup picture of the converter is at Fig. 8. Top from left to right: Inductor L (the white wound component), Q1 and Q2 SiC JFETs from SiCED sitting just outside the hot air furnace outlet. Printed circuit (Insulated Metal Substrate) is visible on the bottom side of the picture, holding the ceramic tank capacitor Cin. Load and load capacitor C are not visible. Gate drivers are separate circuits connected to the power board by twisted pairs. Dead times, different at turnON and turnOFF, are generated by a programmable gate array circuit. Optical fibres transmit switching signals to the drivers.

Testing the converter

The converter is tested at a cooling temperature of 300°C with an input voltage of 600V (breakdown voltage/2). Switching frequency is 300KHz and duty cycle 0.5. The load draws an average 0.4A. Fig. 9 is an oscilloscope screen showing the converter's operation. Gate signal is a 0/20V square wave at 300KHz. Inductor peak current is 0.5A, a value quite close to the saturation current of the JFET at 300°C. Current ripple is 0.2A. JFET Drain Source voltage is a 600V square wave with 150ns rise/fall time. Variation of DrainSource voltage during conduction is visible, it is due to the relative high value of Drain current in respect with saturation of the JFET. The inductor is made of a special high temperature magnetic core from Magnetics [START_REF]Magnetics, inc. 111 Zeta Drive[END_REF], wound with a 1mm diameter copper wire insulated by two crossed layers of Teflon thread. Long term stability is not tested.

Conclusion

High temperature operation of a SiC JFET switching cell with inductor at 300°C is demonstrated. Operating frequency is 300kHz, input voltage is 600V, current is 0.5A limited by device size and technology version. The internal diode of JFET is used as a free wheeling diode.

The effect of temperature is mainly an increase of conduction losses as ONresistance is very temperature dependent (a 4.5 ratio on the 30to300°C range) Switching losses are slightly reduced by temperature increase due to the reduction of peak current during diode recovery (an average 0.75 ratio on the 30to300°C range). High temperature inductor is build using commercially available core and materials. The tank capacitor and solder interconnections still have to be operated at room temperatures.
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 345 Fig. 3: JFET ONresistance as a function of temperature measured at constant VDS=2V.
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 8 Fig. 8: A torus inductor and two JFET just outside the hot air outlet. Tank capacitor lies below, on the SMI substrate. A cold plate is used to maintain solder joints and capacitor at reasonable temperatures.
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