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ABSTRACT 

Driven by customers’ demands to improve aircraft 

performance on one hand, while ensuring compliance to 

ACARE (Advisory Council for Aeronautics Research in 

Europe) environmental requirements for 2020 on the other, 

the aircraft industry has been pushing toward the concept of 

More Electric Aircraft (MEA) for the last ten years or so. 

One of the main challenges associated to the More Electric 

Aircraft is thus to increase drastically the power density of 

electrical power systems, such as electromechanical chains 

applied to actuation systems, without compromising on 

reliability. 

This paper explains the advantages of using Wide Bandgap 

(WBG) semiconductors made of Silicon Carbide (SiC) in the 

power converters that are used in an electromechanical chain 

as well as the associated drawbacks when it comes to EMI 

and partial discharge, which are mainly related to high dv/dt 

and overvoltage during commutation.  

It also shows the development of a generic electromechanical 

chain platform at the Institut de Recherche Technologique 

(IRT) Saint-Exupéry and all related research. This platform 

is being designed in order to test different technologies 

composing an electromechanical chain (SiC transistors, 

passive filters, cables, innovative motor) and to evaluate the 

impact of the use of such technologies.  
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I INTRODUCTION 

A generic electromechanical chain is shown in Figure 1. It is 

mainly composed by a three-phase inverter, a cable and a 

motor. Many applications inside an aircraft make use of an 

electromechanical chain, such as an electrical powered 

actuator. These types of actuator have many benefits when 

compared to classical actuators as shown in [TOD 12]. As an 

example, the electromechanical actuator (EMA) used as 

reference at IRT has an output power of around 15kW and 

motor torque of 8Nm and speed of 12000rpm. 

 

 
Figure 1. Typical electromechanical chain 

 

One of the main objectives when designing power converters 

for EMA is to reduce the converter weight, or, in other 

words, to increase power density. As it can be seen in the 

literature in the last few years, a disruptive technology which 

can significantly increase efficiency, performance and power 

density of power converters is the so-called Wide BandGap 

(WBG) semiconductors (transistors and diodes). These 

components, made of Gallium Nitride (GaN) or Silicon 

Carbide (SiC), when compared to their silicon counterparts, 

can switch faster, have lower switching and conduction 

losses and are able to operate at higher temperatures. 

However, since they switch faster (higher di/dt and dv/dt) 

and, consequently, at higher frequencies, it is necessary to 

identify the compatibility on other components of the 

actuation system, concerning mainly two major phenomena:  
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 Conducted electromagnetic interference (EMI): the 

common-mode current (in the range 150kHz to 

200MHz) conveyed by the aircraft structure in 

“conventional” metallic structure aircrafts; 

 Partial discharges in various locations of the electro-

mechanical chain (modules, cables, motors…). 

The work presented in this paper concerns the use of SiC 

MOSFETs used in power converters of an electromechanical 

chain. Given the range of the HVDC bus voltage in modern 

aircrafts (from 400V to 900V, with a nominal value of 

540V), 1200V SiC components must be used. GaN 

transistors are not considered given the fact that there are 

only components available on market having nowadays 

breakdown voltage up to 650V.  

 

 

II COMPARISON SIC VS. SI 

Wide bandgap (WBG) devices, such as Silicon Carbide (SiC) 

transistors, can switch faster than tradition silicon-based 

MOSFET or IGBT and as a consequence they produce lower 

switching losses. This is shown, for example, in [GAN 13], 

where authors investigated and compared the performance of 

the Cree 1200V/100A SiC MOSFET modules (which is one 

of the modules characterized at IRT), with the same rating 

Infineon silicon IGBT module. Some experimental results 

show that the Si IGBT compared to the SiC MOSFET at the 

same operating conditions may have turn-on, turn-off and 

reverse recovery energies up to 3.6, 6.8 and 11.2 times 

higher. 

Lower switching losses allow converters to operate at higher 

switching frequencies. This usually results on lower filtering 

needs and higher controllability of motor operating at high 

speed.  

Although the use of SiC transistors may reduce the size of 

converters and decrease their losses, it may have a bad 

influence in other aspects of the electromechanical chain. 

Partial Discharge (PD) and Electromagnetic Inteference 

(EMI) are the two main issues related to the increase on the 

switching speed. These issues are adressed in Sections 3 and 

4 respectively. Next section shows how to correctely 

characterize this new technology of semiconductors (WBG) 

and discuss about the trade-off between decreasing losses 

and increasing filter needs and PD issues.  

 

2.1 SiC Switching Losses Measurements  

There are two different types of losses in switches working 

in a converter: Conduction and Switching losses. Conduction 

losses are easily determined by static characterization. 

However, switching losses are much trickier to be measured.    

The most common method to measure losses in a transistor is 

frequently called the “double pulse” method. However this 

method has serious drawbacks when applied to fast switches, 

which are: 1 - the shunt resistor or the current transformer 

used to measure the transistor’s current change the resistance 

and inductance of the commutation loop; 2 - the discharge 

current of the transistor’s parasitic capacitance is not 

measured by this method. Thus as a consequence the 

measured switching energy in each commutation may be 

inaccurate.  

In the purpose of precisely measuring switching losses, a 

new method has been proposed to characterize, under real 

operating conditions, WBG transistors. The proposed method 

is a modified version of what authors in [FOR 06] call the 

“Opposition Method”. The opposition method consists of an 

association of two identical converters supplied by the same 

source, one operating as a generator, the other as a receptor. 

An inductive link connects both converters and the control of 

the current flowing from one converter to the other is made 

by small differences applied to duty cycle of both converters. 

In order to estimate turn-on and turn-off losses separately, 

measurements in two different modes must be done. In the 

first mode, an AC current at the switching frequency is 

imposed through inductor L (see figure 2). Like this, 

transistors will only present turn-off energy losses (Eoff), 

which can be estimated by using the measured losses of the 

converter. In the second mode, a DC current is imposed 

through inductor L. Thus, transistors will present turn-on and 

turn-off losses. Since turn-off losses were already estimated 

by the measurements in the first mode, one can then estimate 

turn-on energy losses (Eon) by using the measured losses of 

the second mode. Details of this method can be found in 

[COU 13]. 

 

Figure 2. Circuit used in the proposed method to 

measure switching energy of transistors 
 

In addition to switching losses, the switching speed (dv/dt) of 

voltages in the output of each half bridge (V1 and V2 in figure 

2) and the overvoltage are also measured during the turn-on 

and turn-off of the transistors by using an oscilloscope. 

These two informations are very important in other to 

calculate the required EMI filter and also to estimate PD 

issues in cables and machines connected to a converter made 

with these transistors. 

2.2 Trade-off between losses, driver and 
switching parameters 

Switching losses vary mainly with 2 parameters of the power 

circuit: DC bus voltage Vdc and output (motor) current Iout. 

These losses also change with the drivers connected to the 

switches. The main parameters which may change these 

losses are the gate resistance Rg and the gate-source voltage 

Vgs. Moreover switching speed and overvoltage during the 

commutation also can be changed by these parameters. 
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As an example, the measuring circuit described in last sub-

section was used to measure switching energy of a 1200V-

100A MOSFET power module from CREE, reference 

CAS100H12AM1. This was made for different parameters 

like the DC bus voltages, switching current, gate-source 

voltage, and gate resistance. Some of the results are shown in 

figure 3. Figure 3(a) represents the measured total switching 

energy (Eon + Eoff) as function of the DC bus voltage for 

different switching currents. Switching energy increases with 

voltage as expected, but with different rates depending on the 

current. 

 
(a) 

 
(b) 

Figure 3. a) Measured switching energy as function 

of DC bus voltage for Rg=1Ω and Vgs=-5V/20V; b) 

Measured switching waveforms of V1 for turn-off of 

transistor T1B of figure 2, for two different switched 

current. 

 

These data are very important for a precise design of the 

electromechanical chain and they cannot be found in the 

components datasheet. Some information related to 

switching energy of SiC transistors is given in the transistors 

datasheets but they are not enough and may not apply to the 

case where the transistors will be used in a real converter. 

Figure 3(b) shows the measured voltage at the output of a 

bridge leg (V1 in figure 2) when the bottom transistor is 

turning-off. This is done for a bus voltage of 540V and for 

two different switching currents. Note that the higher the 

switched current, the higher the switching speed (higher 

dv/dt) and higher over voltage appears in the output voltage. 

These two results are important information to be used in the 

EMI filter design and also to predict PD issues, as will be 

shown below. 
 

III IMPACT OF SIC IN EMI FILTERS 
OF THE ELECTROMECHANICAL 
CHAIN 
The last decade witnessed an electrification of avionics 

functions and embedded systems, reflecting in an increase of 

the power installed on board. The introduction of new 

semiconductors technologies, like Wide-BandGap power 

switches, will contribute to significantly increase the power 

density. Nevertheless, these components will have a strong 

impact on Electromagnetic Interferences (EMI).  

First, the use of SiC diodes allows us to have near zero 

reverse recovery charge and time, and therefore causes a 

reduction of conducted EMI in the range of 1MHz to 10MHz 

compared to other conventional Si diodes [OSW 14]. 

However, due to severe operating conditions, high frequency 

switching and high commutation speeds (2 to 10 times higher 

than IGBT devices), results of previous studies revealed 

greater Common-Mode (CM) noise levels in SiC inverters in 

the 10 to 30 MHz frequency range [RON 14]. That is the 

reason why we must ensure that the proposed solution of 

introducing SiC semiconductors does not lead to a regression 

of reliability, robustness and electrical performances in terms 

of conducted disturbances.  

 A normative setup will to be built in order to determine that 

the equipments do not emit undesired high frequency noise 

in excess of the standard levels. Only conducted emissions, 

from DC to 150MHz, will be discussed in this paper. When 

results are not compliants with the EMI standard (DO160-G 

[RTC 14] in our case, see figure 4), one or more passive EMI 

filters have to be added in the electromechanical chain. They 

reduce EMI disturbance propagation path for the purpose of 

hindering their flow into the electromechanical chain. 

 
Figure 4. Maximum level of conducted RF 

interferences (DO160-G) 

 
EMI filters represent about 30% of the weight in some 

inverters which comply with specific standards. Therefore, 

the advantages resulting from the use of SiC transistors can 

be called into question by the increase of EMI filters volume 

and weight. Proper EMI filters topology selection and sizing 
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are very sensitive issues. Moreover, their efficiency are often 

limited due to parasitic effects of its own components limited 

in frequency, such as for magnetic materials. 

 

 
Figure 5 Electromechanical chain with representation 

of common-mode and differential-mode currents and 

measurement circuit  

Knowing that conducted disturbances lead to premature 

roller bearings damage in motors, implementation of EMC 

passive filters is thus essential to protect the electrical 

machine and also to ensure that it does not pollute the 

electrical network. 

 
3.1 Differential Mode Filter 
The differential mode (DM) current IDM is restricted to the 

electromechanical drive power loop, see figure 5, and is 

mainly dependent on the switching frequency. As it can be 

seen in [MEY 13], graphical analysis can easily demonstrate 

that increasing the switching frequency leads to a translation 

to the right of the noise source spectrum. 

However, contrary to what one might think, if the switching 

frequency is increased, according to the DO160 standard 

level, the cutoff frequency of the differential mode filter may 

decrease to respect the limit value and then a larger and 

heavier filter is needed. In addition, differential mode filters 

are effective in mitigating overvoltage at the electrical motor 

terminals. 

 

3.2 Common Mode Filter 
As a consequence of high commutation speeds (dv/dt), the 

CM current ICM flows from the power loop through parasitic 

impedances to the ground (see figure 5). Consequently, an 

efficient CM filter is needed in a wide range of frequency. 

The most widely employed method is to use classical LC 

filters composed of CM coils and capacitors connected to the 

ground plane. Such coils are wound in opposite directions in 

order to prohibit the magnetic fluxes generated by DM 

currents. Their design is complex since it depends on the 

parasitic parameters (mainly capacitance) of the circuit 

which are difficult to be determined.  

Finally, the Electromagnetic Compatibility has to be taken 

into account when weighing design choices. For optimizing 

allocation of conducted emissions attenuation solutions and 

mass repartition in the electromechanical chain, we will 

reason at operating system level. In order to achieve good 

electrical performances and EMI standard compliance, trade-

offs between losses and EMI generation have to be found. 

 

IV PARTIAL DISCHARGE IN MORE 
ELECTRICAL AIRCRAFTS 
According to IEEE standard, a partial discharge is a quick, 

localized electrical discharge in a gas (for example air) that 

only partially bridges the insulation system but contributes to 

its weakening and ultimately leads to its premature failure.  

The more electrical aircraft paradigm is increasing the partial 

discharge risk by doubling the voltage and using more 

efficient and state of the art semiconductors. Partial 

discharges could occur in several locations in the 

electromechanical chain, such as power converters, EMI 

filters, busbars, cables (harness) and, of course, electric 

motor, such as the example given in Figure 6, where partial 

discharged is observed in a stator bobbins of a motor tested 

at IRT. 

  

 
Figure 6. Partial discharges - 100mbars (30 seconds 

accumulations) 
 

4.1 Overvoltage, rise time and harness length 

One of the main problems when connecting an inverter drive 

to an electric machine using a several meter long harness is 

the presence of overvoltage at the motor terminals due to 

impedance mismatches creating voltage reflections.  

This phenomenon has been known and studied for a long 

time, using time or frequency resolved models. The actual 

voltage at motor terminal could approximately be twice the 

input voltage in case of large impedance mismatches. The 

total amplitude is also function of the rise time of the 

incident wave relative to the total travelling time of reflected 

waves. In other words, the quicker the rise time, the shorter 

the critical harness length leading to large overvoltage (PER 

92). The use of SiC semiconductors in actuation system is 

thus very likely to increase the overvoltage at motor 

terminals, even if the electric motor is only several meters 

away from the converter. If some electric motors are 

operating in depressurized area (on commercial or military 

aircrafts), the overvoltage my reach the partial discharge 

inception voltage. 

 

4.2 Uneven voltage distribution and power 
density 

In an electrical machine, while turn to turn voltage 

distribution along a winding is usually uniform at all time 

under 50Hz voltage supply, the distribution is very non-

uniform when voltage surge hits motor terminal. This delay 

and progressive smoothing of the rise time surge along the 

turns is caused by parasitic capacitance, more prevalent at 

higher frequencies than inductance. As a result, turn-to-turn 
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stress is greatly increased during the transition time of the 

voltage surge. As highlighted by R. J. Beeckman (BEE 99) 

and others, up to 80% of the voltage (over 5kV/µs) is 

concentrated on the first turns of the first coils, thus putting 

great stress in the this insulation (KAU 96) 

Due to the compactness of aeronautic electric motors, where 

end-winding are usually massive because of high speed 

operating points, potential weaknesses location could be 

multiplied, thus lowering the reliability of the motor. At the 

same time, the use of SiC semiconductors will even more 

create non-uniform voltage distribution during the switching, 

thus even more increasing partial discharge risk in random 

wound motors 

 

4.3 Non-intrusive detection 

It has been demonstrated previously that capacitive sensors 

prove to be efficient in detecting partial discharge in electric 

motor fed by PWM inverter drive during operation (BIL 14). 

However in order to reduce electromagnetic noise due to 

power converter switches, generating common mode 

perturbations on the sensor, a combination of analog 

amplification, analog high pass-filtering and numerical signal 

processing is needed. 

The use of SiC semiconductors creating high dv/dt may 

generate more high frequency components which have to be 

removed to perform “on-line” partial discharge detection. 

Nevertheless, after signal processing, the useful signal to 

carry out partial discharge detection may not be large enough 

to accurately detect the inception voltage.  

 

4.4 Ageing under aeronautic environment 

Due to the high switching frequency of component, the 

associated electrical stress created by the more electrical 

aircraft and the use of SiC semiconductors, one could wonder 

how long insulation system could withstand partial discharge 

under such a harsh environment. It is as been demonstrated 

by numerous authors (FAB 03) that the switching frequency 

is one of the key parameters leading to a quicker failure of 

magnet wires. Combined with the effect of pressure and 

thermal cycling, the ageing could be even quicker because 

high dv/dt surges could trigger other type or more numerous 

partial discharges. 

 

 

V GENERIC ELECTROMECHANICAL 
CHAIN PLATFORM FOR SIC 
TRANSISTOR EVALUATION 
 

The objective of “Institut de Recherche Technologique” 

(IRT) Saint-Exupéry in the specific research area is to 

increase the maturity of “technologic bricks” composing an 

electromechanical chain. Indeed the Technology Readiness 

Level (TRL) of the work produced at IRT is between 3 and 6 

so to provide these bricks for industrial members. This is 

possible thanks to IRT platforms. Two main platforms are 

being developed in parallel: hardware and model platforms 

A model platform is being developed in order to numerically 

find an optimized solution of electromechanical chain. All 

bricks (source, motors, cables, converters,…) are modeled 

and these models are inserted in an optimization algorithm 

taking into account all the interactions between these bricks. 

The optimized solutions are a trade-off between total losses, 

electromagnetic compatibility (EMC) issues and overvoltage 

(related to partial discharge issues) with the objective of 

increasing the electromechanical chain’s power density (see 

figure 7).  

The hardware platform has EMC and overvoltage tools. Two 

kinds of tools are necessary in order to develop the models 

(characterization tools) and to validate the models/bricks 

(measurements tools). The first tools can build EMC and 

Overvoltage Models. The second tools can measure the EMC 

(according DO160G setup) and overvoltage phenomenal for 

electromechanical chain. This platform is also being 

designed to validate the platform models.  

The hardware platform is being designed in order to test 

different technologies that compose an electromechanical 

chain (SiC transistors, passive filters, cables, innovative 

motor) and evaluate the impact of the use of such 

technologies.  

There are three main setups of electromechanical chains 

which will be tested. They are listed in Table 1. These setups 

will allow the evaluation of the gain on losses by the use of 

SiC MOSFETs instead of Si IGBT in three-phase inverters, 

and also the impacts of this new technology in the entire 

system as well as the evaluation of filters, motors and cables 

which will be optimized for being used with SiC inverters.   

 

 
Table 1. Different setups to be tested at the “hardware 

platform” for evaluation of the impact of SiC in an 

electromechanical chain 
 

CONCLUSION 

The use of silicon carbide transistors in power converters 

used in electromechanical actuators can significantly 

improve the power density and efficiency of such systems. 

This is mainly due to the reduction of switching losses 

provided by faster switching. However, fast switching may 

cause higher EMI and partial discharge issues, which are 

mainly related to high dv/dt and overvoltage during 

commutation. 

IRT Saint-Exupéry develops a generic electromechanical 

chain platform in order to test and evaluate different 

technologies composing an electromechanical chain (SiC 

transistors, passive filters, cables, innovative motor) and to 

evaluate the impact of the use of such technologies.  

Results obtained from the research conducted at this platform 

will not only show how to increase efficiency and decrease 

size of cooling system and differential-mode filters of power 

converters, but also how to keep partial discharge and EMI 

issues at acceptable levels.  

https://www.google.fr/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0ahUKEwj_p_mkjP_KAhXFShQKHdtLCqMQFggdMAA&url=https%3A%2F%2Ffr.wikipedia.org%2Fwiki%2FTechnology_Readiness_Level&usg=AFQjCNGFXysyMMozk2G0XG8Y8P1Vz7-lrA&bvm=bv.114195076,d.bGQ
https://www.google.fr/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0ahUKEwj_p_mkjP_KAhXFShQKHdtLCqMQFggdMAA&url=https%3A%2F%2Ffr.wikipedia.org%2Fwiki%2FTechnology_Readiness_Level&usg=AFQjCNGFXysyMMozk2G0XG8Y8P1Vz7-lrA&bvm=bv.114195076,d.bGQ


Recent Advances in Aerospace Actuation Systems and Components, March 16-17, 2016, Toulouse, France 

 

 
Figure 7. EMC and overvoltage platform (Hardware and models) 
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