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Introduction

Electric vehicles require both isolated and non-isolated power converters with high power density which can be obtained with high switching frequency thanks to the use of wide band gap (WBG). With the GaN technology, for non-isolated converter, more than 4 kW power transfer is rarely achieved for one switching cell. For example, in order to reach 7,5 kW, 3 interleaved 2,5 kW cells switching at 100 kHz were needed [START_REF] Chupryn | An Interleaved DC/DC Converter for Automotive Applications with GaN Power Semiconductors[END_REF], or also a 10 kW inverter can be obtained with 3 inverter leg of 3,3 kW power each [START_REF] Li | Design consideration of high power GaN inverter[END_REF]. Many publications deal with SiC based boost converters, but mostly for 600 and 800 V applications (using 1200 V SiC mosfets) [START_REF] Calderon-Lopez | High power density DC-DC converter with SiC MOSFETs for electric vehicles[END_REF][START_REF] Sewergin | Modular bidirectional full-SiC DC-DC converter for automotive applications[END_REF]. With converter interleaving, the 7 kW and 11 kW boost converter presented in this paper can be used as a building brick to design converters in the 30 to 50 kW range. Some publications compare the 650 V SiC and GaN components performance at lower power and current range [START_REF]A Performance Comparison of GaN E-HEMTs Versus SiC MOSFETs in Power Switching Applications[END_REF][START_REF] Li | SiC/GaN power semiconductor devices: a theoretical comparison and experimental evaluation under different switching conditions[END_REF][START_REF] Li | Sic/GaN power semiconductor devices theoretical comparison and experimental evaluation[END_REF][START_REF] Chowdhury | Comparison of 600V Si, SiC and GaN power devices[END_REF]. For a 900W application, 400 to 200 V synchronous buck application switching at 200 kHz, better results were obtained with the 30 A 650 V GaN component from GaN System than with the SiC 900V 35 A components from Cree (650 V components from Cree were not available yet at the time) [START_REF]A Performance Comparison of GaN E-HEMTs Versus SiC MOSFETs in Power Switching Applications[END_REF]. Double pulse testing also concluded that this 30 A 650 V GaN components from GaN System has lower switching loss than SiC components with similar rating. [START_REF] Li | SiC/GaN power semiconductor devices: a theoretical comparison and experimental evaluation under different switching conditions[END_REF][START_REF] Li | Sic/GaN power semiconductor devices theoretical comparison and experimental evaluation[END_REF]. Comparison of Si, SiC and GaN in simulation at 5 A also concluded that the GaN-HEMT have the best on-state and switching performance [START_REF] Chowdhury | Comparison of 600V Si, SiC and GaN power devices[END_REF].

GaN and SiC 650V components available

Many manufactures are involved with GaN components with rating under 30A. For our 7 kW applications, focus was given to components with higher rating as indicated in Table 1. For a boost converter, the switching loss in the lower hard commutating transistor is directly related with the switching energy Etotal generally indicated in the datasheet (sum of the switching energy at turn ON and at turn OFF). A low switching energy is a good indicator on the possibility to increase the switching frequency and to increase the power density. The values in Table 1 are directly derived from the data and curves of the corresponding datasheets. The third to last column indicates the switching energy at a specified current and the second to last column the switching energy at 25 A, in both cases at 400V. Only for GS66516B, the switching energy at 25 A is not given in datasheets but obtained from simulation [START_REF] Oliveira | Switching Behavior and Comparison of Wide Bandgap Devices for Automotive Applications[END_REF]. Simulations were not performed for the GS66508B components, the only information available is that it has a very low switching energy at 15 A. Regarding the GaN components, it can be noted that the GaN system GS66516B and the Transphorm components TP65H035G4WS have very similar resistance at 125°C as well as very similar switching energy at 25A. The GaN component from VisIC V22TC65S1A also has a similar resistance but a lower switching energy. From the data, a factor of merit (FOM) [START_REF] Oliveira | Switching Behavior and Comparison of Wide Bandgap Devices for Automotive Applications[END_REF][START_REF] Meiβner | Switching Behavior and Comparison of 600V SMD Wide Bandgap Power Devices[END_REF] is also computed and indicated in the last column multiplying the switching energy with the resistance at 125°C. The lower the FOM, the better is the switch for hard switching application (boost, buck, inverter, PFC…).

Table 1 Electrical properties of 650V SiC and

GaN components with rating of 30A or higher

Design of the WBG based converter

A 400V boost converter based on GS66516B 25 mohm components from GaN System was designed at VEDECOM. It has been tested in two versions with a small and a big heatsink as can be seen in Fig. 1 (b andc). The 2 GS66516B switches are placed on an Insulated Metal Substrate (IMS) as shown in Fig. 1 Volumes of those converters are summarized in Table 2. 

Optimisation with the GaN System converter

The GaN System prototype in the small heatsink version, is tested up to 3,9 kW at 200 kHz. Nonetheless, the temperatures were already being measured over 100°C at 3,9 kW and 200kHz. It was thus decided to do a second generation prototype incorporating some improvements, the gate resistance for turn ON is reduced from 10 ohms to 8 ohms in order to reduce the switching losses at turn ON, the IMS reference and parameters are changed in order to improve the thermal behavior.

The second generation prototype was first tested till up to 100kHz 7,34kW, with the bigger heatsink. It was then also tested at the same operation point with the smaller heatsink, the impact of the heatsink reduction size on the GaN components temperature was inferior to 5°C and the impact on efficiency was neglectable. 

Efficiency results

Efficiency of the SiC and GaN converters have been measured with 305V at input and 400V at output using a high accuracy measurement power analyzer. Results at different switching frequencies and at different output powers are shown in Fig. 2 for the GaN converter based on GS66516B, Fig. 3 for the SiC converter based on C3M0060065K, Fig. 4 for the SiC converter based on C3M0060025K and Fig. 5 for the GaN converter based on the V22TC65S1A.

Fig. 2

GaN converter based on GS66516B For the two SiC converters, the pronounced drop in efficiency at 100 kHz 8.2 kW is due to the excessive heating of the inductor which was designed for a 7.5 kW application. Indeed at 100 kHz the current ripple is stronger, at 8.2 kW, this leads to a gradual entry into the saturation zone and additional heating. As shown in Fig. 4 and Fig. 5, the addition of a small fan on the inductor (0,9 W consumption, 37 cm 3 volume), allows to improve the efficiency at 8,2 kW 100kHz.

Fig. 5 GaN converter based on V22TC65S1A

For all the tests performed, the temperature of the V22TC65S1A GaN component were stabilized at temperature lower than 70°C.

Efficiency results comparison

In order to compare the efficiencies obtained with SiC & GaN, the results from the previous sections are superimposed on Fig. 6, Fig. 7 and Fig. 8.

Fig. 6

GaN & SiC converter efficiency comparison at 100 kHz At 100 kHz switching frequency, the converter with GS66516B was tested up to 7,34 kW and the converter with the other reference up to after 8 kW. From 4 to 8 kW, the best efficiency was obtained with the SiC 25 mohm components. Regarding the GaN, the GaN System and the VisIC converter had almost identical efficiencies.

Fig. 7

GaN & SiC converter efficiency comparison at 200 kHz Fig. 8 GaN VisIC & SiC Cree converters efficiency comparison at 300 kHz and SiC Cree 60 mohm 500 kHz operation At 200 kHz the Gan System converter was tested up to 4.3 kW, the GaN VisIC and the SiC Cree converters up to 8.2 kW. At 300kHz, only the SiC converter and the GaN VisIC converter could be tested. Only the SiC converter with the 60 mohm reference was operated at 500 kHz. For the 100, 200 and 300 kHz switching frequencies, at higher power from 6 to 8 kW, the best efficiency was always obtained with the SiC converter using the 25 mohm C3M0025065K components from Cree. Regarding the GaN converters, similar efficiencies were obtained with the GaN System and the VisIC references, but with VisIC, ilt was possible to go higher in power and in switching frequency thanks to a much better thermal impedance junction to ambiant and probably also thanks to slightly lower switching loss.

Inductor size reduction with higher switching frequency

For both SiC converters, the 3*47 uH inductors in series were replaced with a 47 uH inductor, cooled with a small fan (0,9 W consumption, 37 cm 3 volume). Both SiC converters were tested successfully at 8,2 kW 300kHz with the new inductor. In both cases, the replacement of the inductor had no significant impact on the overall efficiency at 8,2 kW. At 8,2 kW the increase of the switching frequency to 300 kHz thus allowed to reduce the size of the inductor from 129 to 80 cm 3 .

Scope measurements

The experimental oscilloscope measurements obtained during the tests are indicated in Fig. 9, 10, 11 and 13. The measurements show higher ringing and overshoots with the SiC which can partially be explained by the TO-247 package and by a board layout with higher power loop inductance. For both GaN converters, the power and drive loop inductance were fully optimised. The ringing and overshoot on the converter with VisIC components were smaller than with the SiC but bigger than with GaN System.

Method for switching loss estimation of both transistors

In the datasheet, as indicated in section 2 and in Table 1, the switching energy are given for a given current and a given temperature. This corresponds to the hard switching loss of the lower transistor in the boost application. Nonetheless, in the boost, other losses are related with the frequency, losses related with the ripple, losses in the complementary switch (dead time loss, Eqrr loss), losses due to dynamic Ron and losses due to the raise of temperature when the switching frequency is increased. To cover all loses in both transistors which are proportional to the switching frequency, we propose here to define a new parameter as indicated in Eq. ( 1):

𝐸 𝑏𝑜𝑡ℎ 𝑐𝑜𝑛𝑣𝑒𝑟𝑡𝑒𝑟 𝑠𝑤𝑖𝑡𝑐ℎ𝑒𝑠 = Ploss(f1) -Ploss(f2) 𝑓1 -𝑓2 (1) 
In order not to be impacted by the varying inductor loss, f1 and f2 must be taken high enough, so that the ripple current is low enough so that the impact on the inductor loss can be neglected. In the case of our converter 305V to 400V with 141 uH inductor, for a frequency of 200 kHz or higher, the peak to peak ripple current in the inductor is 2,5 A or smaller. Applying Eq. ( 1) to the results of section 4.1, the Fig. 12, can be obtained: 

11 kW converter

In this section, the power rating of the converter is extended to 11 kW. An inductor with current rating higher than 30 A must be used. To keep minimizing the volume and weight of the inductor, a high switching frequency of 200 kHz is selected. The new inductor is obtained by paralleling two 47uH inductor with cooling by the small fan. From the results shown on Fig. 6, 7 and 8 the converter with the 25 mohm SiC component has the best efficiency at high power for all switching frequency. It was thus selected for the power extension. Efficiency at different output power is shown in Fig. 13 and scope measurements in Fig. 14. After careful review of GaN and SiC components available in the market, the best components were selected. Those components were then tested in dedicated boost converters and excellent performances were achieved with both GaN and SiC components with similar high efficiency and power superior to 8 kW. The possibility to increase the switching frequency were the highest with the Cree SiC components and with the VisIC GaN components thanks to low switching loss as well as reduced overall thermal impedance. With the SiC converter, using the increase of the switching frequency, a reduction of the size, weight and cost of the inductor at 300 kHz was accomplished. This reduction come as a trade off with a slightly decreased efficiency compared to 100 kHz operation. Those results can be useful for both converter designers as well as system engineers comparing the respective advantage of an 8 kW converter switching at 100 or 300 kHz. With all components selected, SiC from Cree, GaN from GaN System and GaN from VisIC, converters with high power density from 10 to 13 kW/Liter were realized. The ringing and overshoot on the converter with GaN VisIC components were smaller than with the SiC but bigger than with GaN System. Our results have thus also shown a trade off between EMC behaviour on one side and efficiency, power capability and power density on the other side. In a simplistic approach, the smaller was the component package, the best was the EMC behaviour, the bigger was the component package, the better was the overall thermal impedance and thus the power capability. A method to measure and visualize the overall switching loss of the converter was also shown. Finally, a 11 kW converter version of the SiC converter was also tested. In this paper, experimental results were given to compare GaN and SiC performance for hard switching application at 400V and power range superior to 4kW. For lower power and lower voltage many other GaN manufacturers are involved. The results of this paper can also only be partially extrapolated for soft switching comparison of SiC and GaN. For a final selection in an automotive application, robustness to short circuit, reliability, cost, and availability will also need to be considered.
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 1 Fig. 1 Picture of (a) IMS (b) GaN converter (small heatsink) (c) GaN converter (big heatsink)
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 34 Fig. 3SiC converter based on C3M0060065K
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 9 Fig. 9 Measurement of converter with GS66516B GaN components, 305 to 400V, 7,34 kW, 100 kHz, 141 uH and time zoom on the commutation

Fig. 10

 10 Fig. 10 Measurement of converter with V22TC65S1A GaN components, 305 to 400V, 7,32 kW, 200 kHz, 141uH and time zoom at 5,9 kW on the commutation
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 11 Fig. 11 Measurement of converter with C3M0060065K SiC components, 305 to 400V, 8,2 kW 300 kHz 47 uH inductor with fan and time zoom on the commutation
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 12 Fig. 12 Total switching energy of the converter at converter operating temperature
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 13 Fig. 13 Efficiency of SiC converter based on C3M0025065K with different inductors
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 14 Fig. 14 Measurement of converter with C3M0025065K SiC component, 305 to 400V, 10,8 kW 200 kHz 23,5 uH inductor with fan and time zoom on the commutation
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