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Abstract- Recent advancements in the power electronic device 

technologies, such as wide-band-gap devices including Silicon-
Carbide (SiC) and Galium-Nitride (GaN), are acting as an 
enabling factor in development of compact power electronic 
systems. More specifically, the concept of More Electric Aircraft 
(MEA), which requires the aircraft’s pneumatic systems to be 
replaced by electrical systems, can therefore greatly benefit from 
these emerging technologies in reduction of weight and volume of 
the aircraft such that range of aircraft can be increased. Various 
functions of aircraft e.g. actuation and engine-starting in MEAs 
are performed by power electronic converter based systems. With 
SiC and GaN devices, converters with densities even up to 
70kW/L are easily achievable only when the envelope of the 
converter is cubical and not restricted. However, in case when a 
specific envelope is provided by the aircraft manufacturer, the 
component selection, layout and the design of power electronic 
converter to achieve high power density, within the restricted 
envelope, becomes extremely challenging. This paper presents the 
design of a circular-shaped 17.5kW/L – 97.6% efficient- SiC 
based two-level (2L) inverter for aircraft applications. 
Furthermore, the feasibility and design of the converter are 
supported by the experimental results rated at a power of 13kW. 

Keywords—two-level SiC converter; power converter in 
aircraft; space-restricted SiC design; SiC gate drive  

INTRODUCTION 

The idea of employing electrical power systems in the 
aircrafts is helping the air transportation systems in making 
them environmentally responsible and greener. This is because 
replacing the pneumatic systems with electrical reduce the 
emissions and fuel consumptions [1, 2] leading to an increase 
in the range of aircraft. The mentioned concept is usually 
referred in literature as ‘More Electrical Aircraft (MEA)’. In 
MEA, the increased electrical loads which perform the key 
functions such as actuation, anti-icing, de-icing, starting of 
engine and air-conditioning must perform these operations 
with minimum losses [3]. This puts a constraint on not only the 
loads but also the source and the electrical network systems to 
be efficient and high in power density.  For instance, 
considering the MEAs, Permanent-Magnet (PM) machines 
have come up as an emerging technology in aerospace 
applications due to their features such as simplicity, high 
power density and high speed operation [3-5]. The PM 
machine in a MEA is usually driven by a Voltage Source 
Converter (VSC) such that the VSC operates in inverter mode 
when functions such as actuation or engine starting is required. 
For instance, such an application of VSC in MEAs is illustrated 

in Fig. 1 which shows a PM machine fed by a VSC system for 
starter/generator application. Note that the illustration of Fig. 
1 shows that in starter/generator application, the VSC will 
operate as a inverter in machine mode whereas it will operate 
as a rectifier in generate mode. However, as the aim is to 
validate that the converter will achieve a power density of 
17.5kW/L within the provided restricted envelope, only one 
operating mode is sufficient to validate the said claim and this 
can be done by using an RL load at the output instead of actual 
PM machine and operating the VSC in inverter mode. 

The input of inverter, in such aerospace applications,  is 
either a  270V or a 540V HVDC bus  because such HVDC 
buses are now common in MEAs [2] as they are promising in 
terms of capacity and power density when compared with the 
traditional voltage levels [6].  The VSC, just as PM machine 
and electrical network, must be obey the constraint of power 
density set by the aircraft manufacturer. The progress in the 
development of semiconductor materials, e.g. Silicon Carbide 
(SiC) and Galium Nitride (GaN), is acting as a key factor in 
achieving high power density power converters. This is mainly 
because such technologies are capable of high dA/dt and dV/dt 
therefore, allowing higher switching frequencies which 
consequently reduces the size of the input side DC-link 
capacitor and output side filter inductance. When compared 
with previous Silicon (Si) technology, improvements in 
volumetric power density up to a factor of 10 has recently been 
seen with SiC [7]. Various SiC based power converters with 
power densities ranging from 2kW/L up to 25kW/L have been 
reported in [7-10]. Not only that but a 50kW/L [11] and even 
a 70kW/L[12] cubic-shaped SiC based three-phase two-level 
(2L) inverter systems have also been introduced which indicate 
the feasibility of very high power density converters. However, 
in case when the demanded shape or envelope of the converter 
system is other than cubical, such as in the target aerospace 
applications of Fig. 2, then realising a compact converter 
becomes extremely challenging as not only the size but the 
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Fig. 1 Application of VSC in PM motor-drive for aerospace starter generator 
application 
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position of electronic components including DC-link 
capacitors, gate driver ICs and isolated DC/DC supplies also 

becomes a constraint. This paper discusses the development 
and implementation of a 2L 13kW VSC for volume-restricted 
aerospace applications. The study is further divided into 
sections which discuss selection of semiconductor devices, 
converter topology, gate driver and power board designs and 
experimental validation. 

 SELECTION OF THE SEMICONDUCTOR DEVICES 

A wide range of semiconductor device technologies is 
available these days with SiC and GaN being most emergent 
but the choice between the mentioned technologies is made 
based on the application. Considering the application in hand 
which is VSC intended for use in PM drives in aircrafts, 
usually a very fast frequency is not preferable because the 
control platform e.g. DSP may not be able to perform 
calculations within the limited switching period specifically 
when a complex control technique such as sensor-less control 
is desired. A practical range of switching frequency of VSC in 
PM drive applications is from 30kHz to 50kHz [13]. Since, the 
advantages of GaN devices becomes dominant over those 
offered by SiCs for the switching frequencies only above 

100kHz [14] therefore, SiC devices are preferable for selected 
for the range of 30kHz to 50kHz switching frequency.   

SELECTION OF THE CONVERTER TOPOLOGY 

It must be noted that in the targeted application, the volume 
and the shape are the key limitations therefore, regarding 
selection of power converter topology maximum priority is 
given to the topology with lower volume. Although, new 
converter topologies, which improve reliability, performance 
and minimize the volume, can be also be proposed for such 
drive systems but then an extensive research becomes essential 
to get industrial approval. Therefore, only the existing 
topologies e.g. 2L VSC or three-level (3L) VSC were 
considered.  Although, improvements in switching losses are 
seen when a 3L VSC [15, 16] is used instead of a 2L VSC but 
a 3L VSC will have an increased switch count leading to 
increased volume because today’s market lacks a single 3L SiC 
power module. Discrete devices can be used to form a 3L VSC 
but this will make the layout design more challenging because 
the tracks cascading the devices will give rise to stray 
inductances. In addition to this, the voltage at the input of VSC 
will be in low range i.e. 270VDC or 540VDC and to block this 
level of voltage, two switches in a leg are adequate and a 2L 
VSC topology based on single-packaged-power module 
becomes more suitable. Note that the failure rate of converter 
is usually higher than that of the machine [17] therefore, for 
reliability concerns from the aircraft manufacturers, a 
redundant converter will be added to the system.     

CONVERTER DESIGN AND VALIDATION     

A SiC based 2L VSC was designed and populated based on 
the given envelope and the conceptual design of VSC was 
verified to fit within the given envelope. An exploded view 
showing how various PCB boards and cooling system will fit 
the envelope is illustrated in Fig. 3.  A single PCB board was 
avoided and separate PCBs were used for gate driver and 
power boards in order to have ease of maintenance in the VSC 
system. The power board in the exploded view of Fig. 3 has a 
pair of 2L VSCs to satisfy discussed reliability concerns and 
the layout of each VSC is in a semi-circular shape. However, 
only a single semi-circular shaped 2L VSC has been 
manufactured and experimentally tested to check the 

 
Fig. 2 Envelope/shape provided for converter by the aircraft manufacturer

 
Fig. 3 Exploded view of VSC including cooling system 



 

feasibility of fitting the electronics within the envelope. Photos 
showing the radial and axial views of the developed VSC are 
presented in Fig. 4(a) and Fig. 4(b), respectively.  
A. Device Selection 

Considering the packing of the devices for VSC, discrete 
devices can offer lower volume but this makes the PCB layout 
more challenging as PCB tracks connecting the devices to form 
a 2L VSC will give rise to inductances. For this reason, a single 
power module (Skiip-packaged 26ACM12V17 power 
module), comprising a 2L VSC topology, was employed. The 
dimensions of the power module are 59mm x 52mm which fits 
the boards as the radial width of board R2-R1=65mm which is 
greater than width of module i.e. R2-R1>59mm. Note that the 
movement of the power module is limited and cannot be placed 
at the locations where the radial width is R3-R1=37mm. 
B. DC-Link Capacitor Section 

The life of a VSC is largely dependent on the life of the DC-
link capacitor [18]and in traction and aerospace applications, 
where the DC-link capacitor is exposed to harsh environment 
and temperatures, employing an electrolytic capacitor will 
cause frequent maintenance as they have limited life, broad 
tolerances and in addition to this their ESR is large which leads 
to higher power losses. A new capacitor technology, known as 
Cera-Link capacitors, has recently been introduced which can 
offer a very low ESR in range of 4 mΩ @100 kHz. 
Furthermore, it can offer 400 % reduction in ESR value when 
the temperature rises from 25ºC to 150ºC. The effective 
capacitance of this technology is above 100 % i.e. maximum 
until a temperature of 100ºC[19]. Due to these reasons 2 x 
10µF CeraLink-SP700 DC-link capacitors and 8 x 0.5µF were 
connected in parallel along with MLCC type ceramic 
capacitors to form a total capacitance of 25µF.  
C. Volumetric and Power Density Calculations 

The volume (in litres) of the gate driver and power board for 
single-converter, shown in Fig. 4, was found to be 0.575L by 
substitution of the values of R1, R2 and R3 in (1). The volume 
of the whole cold plate including both the solid and the fluid, 

shown in exploded view of Fig. 3 is found out to be 0.341L and 
hence the volume of cooling system per VSC is 0.170L. 
Therefore, the total volume of a 2L VSC including cooling 
system becomes 0.745L.  
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Fig. 4. Photos of the SiC based 2L three-phase converter system for aerospace application (a) Envelope of the converter highlighting its radial dimensions. 
(b) Axial view of the converter showing stack height of gate driver and power board. 

 
Fig. 5. Photo of the experimental setup of a SiC based 2L VSC for 
aerospace application 



 

 
Although, the SiC Skiip-packaged 26ACM12V17 module, 

highlighted in Fig. 4(b), is rated for a peak power of 72kVA 
but the ampere rating of 6-layered 2oz power board has been 
limited to a peak value of 40A and the voltage rating is limited 
by the CeraLink-SP700 DC-link capacitors to peak value of 
700VDC. The peak VA capability of each of 2L power 
converter is 28kVA and is capable of delivering 13kW. Based 
on 13kW of active power, the volumetric power density of 
VSC with cooling system is 17.5kW/L. Note that this value of 
power density is calculated by considering the complete 
envelope of the converter and not merely by adding the 
volumes of the individual components. Evaluating the power 
density by adding the volumes of the individual components 
will not represent the actual power density of the converter as 
any un-used space/volume between the boards is not useful in 
terms of fitting additional electronics and therefore the whole 
envelope must be taken into account.   
D. Experimental Validation of Inverter 

An experimental setup has been built and the photo of which 
is shown in Fig. 5. It is important to mention that, for the sake 
of laboratory tests, a fan-cooled heatsink is used in the 
experimental rig to mimic the fluid based cooling system. Note 
that the thermal resistance of the fan-cooled heat sink matches 
with that of the fluid based cooling system and thus mimics the 
designed thermal system. The gate driver board is designed to 

accept 28VDC input thus can directly be connected to the 
centralised power network of the MEAs[2]. In gate board, the 
28VDC are then level-shifted to generate +18V and -2.3V to 
drive SiC MOSFETs using isolated DC/DC converters. Each 
of the 6 gate driver circuits are supplied using 6 independent 
isolated and regulated DC/DC converters. Note that to comply 
with EMC requirements, an LC filter has been added at the 
input of each isolated DC/DC converter. The inductor at the 
input of isolated DC/DC converter limits the in-rush current 
which would otherwise cause increased temperature. 

 

    Table I 
PARAMETERS FOR EXPERIMENTAL TEST OF CONVERTER 

Parameter Symbol Value 

DC-Link capacitor at input CF 25µF 

Filter inductor at output LF 2.5mH 

Load resistor R 8.9Ω 

Switching frequency fsw 40kHz 

Input DC voltage  VDC 540V 

 
 A negative voltage has been used at the gates of the SiC 

devices to ensure the turn-OFF of the SiC devices and different 
gate paths and resistor values are used for turn-ON and turn-
OFF of the devices. The path between the gate driver IC to the 
gate of the device is minimised and is kept similar, where 
possible, for all the six gate-driving circuits in order to achieve 
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Fig. 6. Experimental gate driver signals of a single leg (high-side and low-side devices) when DC/AC VSC is operating at an active power of 13kW (a) 
High-side and low-side gate driver signals in case 1 (b) High-side and low-side gate driver signals in case 2 
 



 

similar switching performance but non-negligible stray 
inductance will still be present which will cause voltage spikes 
across gate-source of device when dA/dt is large. Therefore, 
the gate driver board must be tested to check the performance 
and to do this, the power converter was operated at the rated 
power of 13kW (540V, 35A) with the parameters listed in 
Table I and the results of gate driver signals of one leg of 
converter, recorded using 200MHz band-width LeCroy 
HVD3102 probes, are presented in Fig. 6 in which the critical 
case of commutation is shown i.e. when duty cycle is 
minimum. In Fig. 6, VGS_LOW corresponds to the low-side gate 
to source voltage whereas VGS_HIGH represents high-side gate to 
source voltage. Results shown in Fig. 6(a) are for the case 1 
when the gate resistor values of RgON_high=3.5Ω, 
RgOFF_high=1Ω, RgON_low=3.5Ω, RgOFF_low=0.5Ω are used but 
an under-shoot and ringing was observed. To improve this 
under-shoot, the gate resistor values were gradually increased 
until to case 2 (RgON_high=4Ω, RgOFF_high=1.5Ω, 
RgON_low=3.5Ω, RgOFF_low=1.5Ω). The recorded waveforms, 
with case 2, are shown in Fig. 6(b) in which the peak under-
shoot has decreased to -3.1V and the oscillations are damped 
as well due to increase in charging time of gate capacitance. 
This has been done to reduce stresses, improve reliability and 
eventually increase the life of VSC [20].  
 

The input supply 540VDC at the converter’s input (listed in 
Table I) can either obtained by a cascade connection of two +/-
270VDC supplies or a single 540VDC supply[21]. For 
experimental test, 540VDC was obtained by series connection 
of two Delta-Elektronika SM500-CP90 each rated to provide 
500V, 90A and results of Fig. 7 highlight the waveforms at 
different points of the converter. The three line to line voltages 
Vab,Vbc and Vca in Fig.7 (a) are recorded with 200MHz band-
width probes and are clean from any un-wanted pulses due to 
accidental turn-ON of devices. To validate that the PWM 
output voltage has only the fundamental components in the low 
frequency range, the switching harmonics are filtered using the 
output inductor and the phase currents Ia, Ib and Ic are shown in 
Fig. 7(b). Furthermore, the peak value of the phase currents is 
35A and the input DC voltage, from Fig. 7(c), is 540V which 
validate the PCB designs because the results obtained are at the 
rated dA/dt and dV/dt. Input DC voltage and current have seen 
a ripple of 1.86% i.e. ∆Vdc=10V and ∆Idc=10A, respectively as 
shown in Fig. 7(d), when operated with parameters reported in 
Table I. Note that the results of Fig. 6 and Fig. 7 act as a 
feasibility study which demonstrate the expected power 
density of 17.5kW/L is achievable within the provided 
envelope and shape and that the gate driver and power boards 
are able to tolerate rated dA/dt and dV/dt. The experimental 
losses of the converter, with an input power of 13kW, are 
found to be 320W hence, an efficiency of 97.6%. 
E. Thermal Performance 

The experimental waveforms presented in the preceding 
sub-section have confirmed the feasibility of achieving a 
restricted-shaped17.5kW/L 2L SiC based power converter. 
However, looking at Fig. 4 (b), it can observed that the gate-

(a) 
 

(b) 
 

(c) 
 

(d) 
 

Fig. 7. Experimental waveforms at different points in the DC/AC VSC when 
operated at an active power of 13kW (540VDC, 35A) (a) Three line-line 
voltages Vab,Vbc and Vca. (b) Vab along with the three phase output currents 
Ia, Ib and Ic. (c) Vab and Ib and input voltage of 540VDC showing the 
operation is at rated voltage. (d) Zoomed view of input DC voltage showing 
voltage and current ripples of 10V and 10A. 



 

driver board and power board are close and the components are 
tightly packed together thus any rise in the temperature in the 
power module can cause the temperature of the gate board to 
increase as well. The temperature of the gate board must not 
exceed 85ºC at any cost because the that is the maximum 
operating temperature of the isolated DC/DC converters 
(RKZ-052005D/P) which therefore, acts as the threshold and 
bottleneck in the gate board in terms of maximum allowable 
temperature. Therefore, it is necessary to operate the converter 
at the rated power of 13kW for the time until the temperatures 
are stabilized. To test this, the designed converter was operated 
at the rated power for a duration of 2 hours and the recorded 
experimental data from pico-scope is presented in Fig. 8. Note 
that only the temperatures of DC/DC converters of a single-leg 
i.e. of high and low side switches were observed because the 
three legs of inverter are identical in terms of layout and 
components. In addition to these, the temperature of the gate 
board, and gate driver IC (UCC5350SBD) are also crucial in 
terms of applying correct gate signals to the power modules. 
From Fig. 8, it can be noted that the temperatures have 
stabilized at t=01:48:48 and that the maximum temperature of 
the DC/DC converter is 62ºC which is below the maximum 
operating temperature (85ºC) defined in the datasheet. The 
maximum operating temperature of the gate driver IC 
(UCC5350SBD) defined in the datasheet is 125ºC and the final 
temperature after 2 hours of operation is 55ºC.  The 
temperature of the top-plane of the gate driver board was 
stabilised to 50ºC which is well within the temperature limit of 

the components such as decoupling ceramic capacitors, 
voltage regulators, and buffers.  Finally, the temperature of the 
module is 48ºC which is far below the maximum allowable 
temperature of 150ºC for the module. Therefore, Fig. 8 
confirms that the converter design is safe from thermal 
perspective. It is important to mention that any slow increase 
in the temperatures during the 2 hours of operation, in Fig. 8, 
is due to dissipated heat from the RL load which is near to 
converter.  

CONCLUSIONS 

This paper presented the feasibility study which discussed 
the development of a 97.6% efficient - 13kW SiC based 2L 
power converter for special aerospace applications in which 
the envelope is restricted by the aircraft manufacturer.   

The maximum volumetric power density achieved as a result 
of this study is 17.5kW/L. This value has been calculated by 
considering the whole envelope covered by the converter and 
not merely by summing the individual volumes of the each 
components which would otherwise give a very high power 
density value. Converter design and improvements in the 
power density value are very challenging because the shape of 
the board is limited which restrains the components locations 
in terms of position and movement.  However, further 
improvements are being made in layout to achieve higher 
volumetric power density and the further work also includes 
EMC tests to validate the compatibility. 

 
 
Fig. 8. Thermal performance of various crucial components of the designed 2L SiC based power converter at 13kW continuous operation for 2 hours.     
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