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Challenges of power electronics technologies for high power conversion in more electrical propulsion applications

 

Introduction

Strategies to reduce CO2 emissions linked to aircraft traffic are combinations of different solutions. In 2019 NASA Aeronautics Strategic Implementation Plan, the listed solutions are "more efficient operations, improved vehicle fuel efficiency, increased electrification of aircraft and, in the longer term, new propulsion concepts and alternative sustainable jet fuels to incentivize emission reductions" [START_REF]Aeronautics Strategic Implementation Plan 2019 Update[END_REF] . The aim is to respect the objectives defined by the Advisory Council for Aeronautics Research in Europe (ACARE) : Flightpath 2050 [START_REF] Dareck | Flightpath 2050 Europe's Vision for Aviation[END_REF] proposes to reduce CO2 emissions by 75%, nitrogen oxides by 90% and noise by 65% in comparison to a 2000's aircraft [START_REF] Acare | Time for change -The need to rethink Europe's FlightPath 2050[END_REF] . One part of these solutions is the hybrid electric propulsion, which should allow to reduce overall fuel burn and lower carbon emission. The use of power electronics converters makes it possible to provide high-performance drive for electrical machines. It also allows more flexible electrical network architectures, often structured around DC bus distribution. However, reliability and mass of embedded electrical equipment are the two major challenges that must be overcome. For distributed propulsion (for instance, NASA x-57, Daher ecopulse project), electric propellers are added to the wings to effectively increase the fan bypass ratio, and electric motors are located to the wingtips to allow energization of wing tip vortices [START_REF] Clarke | X-57 power and command system design[END_REF] . A solution developed by Safran consists in using "smart machines": power electronics is integrated with the electric machine that drives the propeller. Electrical architecture is simplified. The smart machine is powered by a DC bus and the PWM voltage between the power electronics AC output and the machine is not distributed, which limits the radiated Electro-Magnetic Interference (EMI). On the other hand, power electronics is localized in a nonpressurized environment, its dimensions are constrained to promote integration. Furthermore, it is also subject to the thermal stress linked to the proximity of the electric machine. In the case of turbofan hybridization, power to be converted through static converter will be greater, and the environment will be more severe, in particular installation in non-pressurized area or temperature constraints [START_REF] Zhao | Off-design performance analysis of hybridised aircraft gas turbine[END_REF] . In return, the cooling of electrical equipment could benefit from the efficient thermal management system installed in a turbofan. Parallel hybrid concept applied to an advanced geared turbofan is studied [START_REF] Zhao | Off-design performance analysis of hybridised aircraft gas turbine[END_REF] with hybridization degree from -650kW to +2000kW. In this study, the electric machine is connected to the Low Pressure (LP) shaft through the accessory gearbox, and the strategy presented in Table 1 is to charge the battery at low-load operations to move the compressor operation away from surge. 

Flight phase

DC Bus voltage level and converter topologies

The rise in electrical power for new applications leads to the possibility of also increasing the voltage levels, mainly to limit the current in the cables and therefore their copper section. The drawback is that cable insulation thickness has to be increased according to the voltage level. Distribution using AC voltage should not be eliminated too quickly, because of the legacy of current aircraft architectures. In addition, protection against arc fault is easier with AC than with DC. However, from power electronics point of view, DC architectures are more flexible and this is the reason why a focus on these architectures is done as a first step, but challenges on power electronics are not really different in the two options. Embedded power targeted in future hybrid aircraft architecture ranges from 100kW to more than 20 MW, and voltage level ranges from 540V (HVDC) to 3kV. One possibility is to use high voltage Si IGBTs in simple power converter topologies, two levels or three levels Neutral Point Clamped (NPC), depending on the voltage level. However, the performance in terms of specific power will not be good. The other possibility is to use best in class WBG power transistors in more complex, multilevel topologies because of their limited voltage rating [START_REF] Erroui | High power conversion chain for hybrid aircraft propulsion[END_REF] .

The availability of higher performance, gen3 1700 V components should improve the specific power of converter based on 1700 V components compared to the same converter topology based on 1200 V components, for higher DC bus voltage level. However, due to their greater thickness of SiC to ensure voltage withstand, third generation 1700 V components might not reach the same level of performance as 1200 V components. As examples, 5 level serial multi-level topology using 1200V SiC MOSFETs with 50% derating leads to 3 kV DC Bus whereas 3-level topology using 1700V SiC MOSFETs with 50% derating leads to 2.4 kV DC Bus. We assume that the margin on transistors rating allows to withstand DC Bus fluctuations. Multi-level topologies imply the use of more components (power transistors, drivers, driver supply) which remains a problem in terms of reliability. However, additional works on components and assembly technologies should make it possible to meet this requirement.

Switching frequency

The switching frequency must be optimized: its increase allows to reduce the value of the decoupling capacitors required at the input of the converter on the DC bus, and therefore their volume. Additionally, it is possible to enhance the control of electric machine by improving the ratio between the electric frequency of the machine and the switching frequency. However, higher switching frequency causes an increase in switching losses and a decrease in converter efficiency. Two strategies are possible using WBG devices: the first one is to limit the switching frequency around 20 kHz in order to drastically limit losses and therefore the need for performance of the cooling system. The second one is to choose an optimal, higher switching frequency, in order to limit the mass of passive components used in filtering functions. In our studies, regarding power electronics from 20 kW to 100 kW using hard switching SiC power transistors, the optimum frequency in terms of compromise between converter mass and efficiency, is often between 100 kHz and 300 kHz [START_REF] Voldoire | Using Deterministic Optimization to Compare Interleaved and Coupled Inverters: Results and Experimental Verification[END_REF] . Depending on the application's constraints, thermal, efficiency, specific power, the
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Modeling and optimization

Modeling and optimization tools that attempt to take into account all of the design constraints are interesting approach for decision-making. By way of example, the comparison between 3-phase HVDC inverters with multi-level parallel, based on 2-level topology whose structure is shown in Fig. 2 was carried out at a power level of 100 kW [START_REF] Voldoire | Pre-Design Methodology of Voltage Inverters using a Gradient-based Optimization Algorithm[END_REF] . The results obtained are presented in Fig. 3 as a Pareto front comparing non-coupled and coupled interleaved multi-level parallel inverters. The coupled topology remains the best solution for high efficiency constraints. The non-interleaved solution (N=1) is dominated by the two interleaved inverters topology. When the converted electrical power increases, it is worth to choose solutions with higher interleaving level, because it becomes relevant to share the currents between the different legs. Such comparison and optimization can also be performed with the same tools for serial multi-level topologies, but it might be necessary to supplement existing analytical models for some topologies. Design tools, converter modelling in itself, but also with the other components of the electric chain, and multi domain optimization are mandatory.

Power Electronics passive components

Even using high performance SiC transistors, passive components limit specific power 9 : switching frequency is limited by high-frequency inductor losses in current ferrite materials, and power density of DC capacitors can only be improved by new dielectric materials (ceramics) with higher energy density. In addition, the temperature rating of high power film technology capacitors are very limited (105°C or 125°C), which imposes very strong constraints on integration and thermal management of power electronics converters.

Magnetic components often represent the largest part of the mass of converters, and special attention have to be paid to their sizing. Investigations are on inductance multi-objective optimization using analytical formulations, Finite Element Analysis and neural network to speed up stochastic genetic algorithm NSGA2 [START_REF] Devos | Optimization strategy for the sizing of passive magnetic components[END_REF] . Studies are also being carried out on inductance optimization using neural networks and artificial intelligence, with data from the results of 3D finite element simulations [START_REF] Guillod | Artificial Neural Network (ANN) Based Fast and Accurate Inductor Modeling and Design[END_REF] . The possibility of manufacturing magnetic cores with specific form factors, or with thermal functionalization is also a challenge. Additive manufacturing could bring these possibilities, but there is a need to develop the industrial process, such as the supply chain of ferrite powders with the desired characteristics. There is also a need to improve the technological aspects, such as printing technology and sintering parameters.

Power modules technologies

In order to limit as much as possible the temperature rise of the power semiconductors, and ensure the necessary margin compared to their maximum junction temperature, the packaging of the chips must be very efficient: the thermal interfaces between the chips and the heat exchanger must be minimized and the efficiency of the heat exchanger must be very high. This is more complex to achieve for SiC power semiconductor devices, whose surface area is smaller than the one of Si IGBTs with the same current rating. Double-sided cooling is a high-performance solution that requires the development of even more complex assembly technologies. The packaging must also exhibit very good thermo-mechanical behavior to avoid deterioration caused by the CTE mismatch during thermal cycling. -The first one [START_REF] Patent | Module électronique de puissance d'un aéronef et procédé de fabrication associé[END_REF] , as shown in Fig. 4, consists of printing heat sinks and connectors on direct bonded aluminium (DBA) (Al / AlN / Al) substrate using the AlSi7Mg0.6 powder alloy and Selective Laser Melting (SLM) technique.

-The second one 13 is to fabricate double side cooling modules using direct cooling, double side, aluminium nitride ceramic heat sinks and silver paste sintering. Several layers are stacked by successively screen printing a silver-based ink and sintering the silver paste. The reliability of the assembly is estimated to be very high because the whole of the material between the die and the ceramic is made of silver with controlled porosity. In order to evaluate the reliability of a power module, its thermo-mechanical behavior under thermal stress (due to the external environment or the electrical behavior of the power device) has been numerically investigated. The 3D model of Fig. 5 represents a power module design evaluation based on electrical considerations: signal routing and EMC regarding parasitic elements (stray inductance, parasitic capacitance, etc.). The thermo-mechanical behavior is monitored in the die attach materials and in the interconnection elements (i.e. wire bonding) by computing the non-linear plastic work of materials. 

Conclusions

Most of the technologies necessary to meet the expectations with respect to high power electronics in aeronautical applications exist. However, they have to be developed and Technology Readiness Level (TRL) milestones must be passed to ensure their availability and maturity at the right time. The performance of certain technologies must also be drastically improved, such as the films used in capacitors. The consequences of the rise in voltage level have to be perfectly mastered. Moreover, performance in terms of specific power, efficiency and reliability is not achieved yet, and there is a lot of research and technology to be carried out. One of the difficulty is that these performances are expected together. At the same time, it is necessary to work on the technologies we have mentioned, but also on the modeling and simulation tools, and to carry out tests on representative test benches to allow the selection of suitable technologies and the improvement of their performances.

Fig. 1 :

 1 Fig. 1: NASA X-57 Model of the final mod 4 4
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 23 Fig. 2: 2-level 3-phase voltage inverter with AC filter
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 4 Fig. 4: additive manufacturing of heat sinks and connectors on metalized substrate using Selective Laser Melting process on AlSi7Mg0.6 powder alloyThe consistency of the materials characteristics is crucial to ensure assembly high reliability. In order to overcome the limitations of conventional power modules, and take full advantage of recent emerging technologies such as additive manufacturing, silver sintering and double-sided cooling, two approaches are being considered:
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 5 Fig. 5: Double sided cooling power module based on ceramic heat sink and silver sintering technologies
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 6 Fig. 6: Finite Element Modelling of power modules

Table 1 :

 1 Example of turbofan hybridization strategy

	Duration		Hybridization
	[min]	[kW]
	Taxi	18	-650
	Taxi off	2	2000
	Climb	15	750
	Cruise	22	0
	Descent	37	-580
	Approach & Landing	6	-240

Referring to Table

2

, CREE 1700V SiC MOSFET is based on 2 nd generation, whereas 650V to 1200V transistors are manufactured using 3 rd generation process. GaN System transistors voltage rating is limited to 650V. 3.3 kV and even 10kV voltage rating SiC components have been proposed at the R&T level, but they are not mature enough today to be considered in development. If we apply a derating rule of 50% on transistor voltage rating to keep sufficient safety margin and avoid Single Event Burn (SEB) at altitude, the most efficient transistors are suitable for bus voltages below 600V (1200V SiC transistor) or below 300V (650V SiC or GaN transistors) if used in two level topology.

Table 2 :

 2 Characteristics of SiC and GaN Transistors