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 Wideband gap (WBG) semiconductors have developed rapidly in recent 

years, enabling greater efficiency and power density in the design of power 

electronics converters for several areas of application. In this sense, this 

work analyzes the efficiency and specificities of silicon carbide (SiC) 

technologies and their cascode topology (SiC-Cascode), operating at high 

switching frequencies. The analyzes are performed using a Boost converter 

designed for conversion systems in the more-electric aircraft (MEA) context, 

where the alternating current (AC) power systems can operate at fixed 

frequency (115 V/400 Hz), or at variable frequency (115 V/360-800 Hz), 

such as observe in Boeing 787, and the direct current (DC) power system 

can operate with a DC bus of 400 V and +/-270 V are normally used. To 

validate the project, computer simulations were performed and a 1.0 kW 

prototype was built in the laboratory. The performance analyses 

demonstrates that 97.5% of efficiency is achieved at 500 kHz switching 

frequency. 
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1. INTRODUCTION  

The material traditionally applied for semiconductor purposes in power electronics converters is 

silicon (Si), which was discovered at the end of the 19th century and has been dominant ever since, due to its 

large consumer market and technology widely disseminated at industrial level [1]. Currently, several material 

technologies besides Si are applicable in semiconductor devices. Some examples available on the market are 

the silicon carbide (SiC) and gallium nitride (GaN), which are used in high-performance, wideband gap 

(WBG) switching elements. The use of the above-mentioned materials, although initially costly, has 

developed rapidly, seeking to reach the theoretical limits of each material.  

Recent technologies of Si, SiC and GaN technologies have a higher energy band and breakdown 

voltage enabling the creation of high voltage and WBG devices [2], [3]. Due to the high switching speed of 

WBG devices, it is possible to increase the switching frequencies and to reduce the switching losses, leading 

to greater energy savings. Additionally, it is possible to reduce the volume and weight of the passive 

elements used, drastically reducing the amount of raw material needed to make the final product. The gain 

with energy savings is considerable, offsetting the initial investment during its lifetime, even with an initial 

higher cost when compared to the implementation of Si semiconductors [4], [5]. However, with the advances 

in the semiconductor industry, this investment has been reduced enabling greater profitability in the 

application of WBG semiconductors also in the short term [6]. Despite the advantages of WBG technologies, 

the high switching frequencies, added to the high power processing levels, can accentuate the EMI [2], [7], 

https://creativecommons.org/licenses/by-sa/4.0/
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[8]. Several previous studies reported in [4], [5], [9]–[15] prove the effective gain in performance when 

WBG semiconductor devices are applied in power electronics converters, encouraging their increasing 

application in the industrial and academic environment. Additionally, recent studies concerning the 

deployment of SiC [16]–[21] and GaN [22], [23] technologies in several applications, the latter being used in 

high-power devices, as reported in [24].  

Currently, SiC technology moves to the preponderant position in high power applications since it 

presents greater thermal conduction among the mentioned technologies, together with greater availability in 

the market. This technology is already found in different devices, such as MOSFETs and JFETs, and in the 

form of hybrids technologies, such as SiC-Cascode, originated from the use of combined SiC-JFET and Si-

MOSFET devices [25], which presents the advantages of simplified Si triggering, combined with the high 

bandwidth of the SiC-JFET device. The technology begins to gain space in the market, being applied to high-

power modules by several manufacturers, in addition to being widely discussed in the academic context as a 

superior alternative to Si. It has an intermediate price, with transistors accessible to the industry and to the 

final consumer. Therefore, the evaluation of SiC-based semiconductor technologies in their practical limits is 

encouraged, aiming at greater efficiency and higher power density from the increase in the switching 

frequency. Such characteristics form the basis of requirements for embedded applications, such as found in 

electric vehicles (EV) and more-electric aircraft (MEA) [26]–[29]. Applied to diodes, they are present in 

devices with zero reverse recovery current and zero forward recovery voltage, which inhibits power losses 

due to switching in passive devices [30]. 

Focusing on more-electric aircraft, in [27] the authors presented an important study evidencing that 

the search for improvements in electrical converters is the key to systems with high efficiency and reliability. 

Thus, the use of new semiconductor technologies (SiC and GaN) helps in the performance of these 

converters, which are influenced by harsh environment, low pressures and cosmic radiation present at high 

altitudes. In order to illustrate what has been exposed, Figure 1, which was originally presented in [27], 

shows the main requirements and trends that must be analyzed in electronic converter designs for MEA 

applications. Figure 2 indicates that the use of SiC-MOSFET and GaN-HEMT, with switching frequencies in 

the range of 100 kHz to around 300 kHz, are the best choice. 

Marroqui et al. [31] presented a comparative study between SiC MOSFET and SiC-Cascode in the 

scope of robustness in short-circuit conditions. Both technologies were capable of with-standing 3 µs events 

and showed little variation in their parameters after 200 occurrences of this type. Zhao et al. [32] presented 

the semiconductor suitability for parallel operation has been evaluated and the selected SiC-MOSFET device 

presented the highest efficiency in current division, from a double pulse test, at a continuous voltage of 400 V 

and inductive load of 150 H. Martin et al. [33] their performance on the implementation of a high-power 

inverter (100 kW), operating at a fixed switching frequency of 50 kHz has been analyzed. The SiC-Cascode 

technology presented greater efficiency and provided higher power density. These studies have shown 

comparisons between the technologies of semiconductors only on a restricted scale, emphasizing specific 

operational characteristics and at predetermined switching frequencies. 

 

 

 
 

Figure 1. Electric schematic of MEA–adapted from [27] 
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Figure 2. Semiconductors typical application–adapted from [27] 

 

 

In this scenario, the article proposed herein presents a study concerning the performance analysis of 

Boost converter operating as Front-end converter for Power Factor Correction (PFC) and also as DC-DC 

converter for electronics loads, both in the MEA context, where the Alternating Current (AC) power systems 

can operate at fixed frequency (115 V/400 Hz), or at variable frequency (115 V/360-800 Hz), such as in 

Boeing 787, and the direct current (DC) power system can operate with a DC bus of 400 V and +/-270 V are 

normally used. To validate the project, computer simulations were performed and a 1.0 kW prototype was 

built in the laboratory. The performance analyses demonstrates that 97.5% of efficiency is achieved at  

500 kHz switching frequency. To present the obtained results, the remainder of this article is structured as 

follows. Section 2 describes the proposed power electronics converter for carrying out the simulation and 

experimental tests, including its design procedure and control strategies. Section 3 details the methodology 

used for efficiency analysis; and finally, the concluding remarks are elucidated in Section 4. 

 

 

2. IMPLEMENTATION OF A SIC AND SIC-CASCODE BASED BOOST CONVERTER  

In order to analyze the applicability of high frequency systems for high power density power 

electronics converters, which is essential for embedded systems such as MEA applications, the performance 

of the Boost converter is evaluated under switching frequency varying from 50 kHz to 1300 kHz. The control 

algorithm was developed in C language and embedded in the multi-core DSP TMS320F28379D from Texas 

Instruments. For DC-DC conversion system, the Boost topology is portrayed in Figure 3, and the parameters 

of the experimental set-up are described in Table 1. The system contains protection devices against voltage 

surges (varistor) and overcurrent (fuse). Additionally, an overcurrent protection was implemented via 

software and is based on tripping aid sent by the current sensor, assuring safety and reliability under short-

circuit occurrence.  For the AC-DC conversion system, a Graetz bridge rectifier is added at the input of the 

circuit, with the other parameters unchanged. The average current mode control technique was implemented 

via software in the DSP. The AC input voltage is 220 VRMS at frequencies varying from 400 Hz to 800 Hz, as 

found in MEA’s electric power systems (EPS).  

 

 

 
 

Figure 3. Boost converter for AC-DC operation (with a Graetz bridge rectifier added at the input) and for 

DC-DC operation (without a Graetz bridge) 
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Considering the application in high voltage and high switching frequencies, optimization criteria 

based on reference designs made available by semiconductor manufacturing companies (Cree, Texas 

Instruments, United SiC, among others) were implemented for the PCB. An isolated DC-DC converter for 

the gate driver was also added to the circuit board, reinforcing the galvanic isolation between the control 

circuits and the power circuit. Other components were powered by dedicated integrated circuits implemented 

in the PCB. The final board kept dimensions of 100×100 mm, with semiconductor devices kept at the bottom 

of the board providing better connection to the heatsink. 
 
 

Table 1. Parameters of the Boost converters implemented in laboratory 
Parameter DC-DC conversion AC-DC conversion 

Rated power [W] 1000 1000 

Input voltage 200 𝑉𝐷𝐶 220 𝑉𝑅𝑀𝑆  - 400 Hz to 800 Hz 

Output voltage [V] 400 400 

Capacitor CB
1 [μF] 500 500 

Inductor Lb [μH] 594 594 

RESR(C)
1 [mW] 300 300 

Resistive load [W] 160 160 
Diode C3D10065A C3D10065A 

Switches 
C3M0120100K 

UF3C120150K4S 

C3M0120100K 

UF3C120150K4S 
Switching frequency 200 kHz 200 kHz 

 

Inductor physical specification 
Core material TDK SIFERRIT N97 TDK SIFERRIT N97 

Core PQ 50/50 PQ 50/50 

Gap [mm] ~1 ~1 
Gap Material Paper Paper 

RESR(L) [mW] 37 37 

Turns 45 45 

Wire AWG 18 x 2 AWG 18×2 

 
Gate driver parameters 

RG(on) [W] 10 11.7 

RG(off) [W] 3.2 23.5 

CGS(ext) [pF] 1000 1000 
1Values related to the equivalent total capacitance 

 

 

In the literature, numerous control strategies applicable to power electronics converters are found, 

including from simplified controls based on hysteresis or pulse width modulation (PWM) [34], [35], to 

asymmetric PWM controllers [36] and the use of multi-objective optimization algorithms [37]. Among the 

strategies applicable to AC-DC conversion systems, there is the average current mode control technique [38], 

which was implemented in this work to control voltage and current simultaneously, in order to impose input 

line current with low total harmonic distortion (THDi), which is a crucial indicator in electrical power quality 

indicators in power electronics systems [39]. A sinusoidal voltage reference signal synchronized with the 

input voltage is also needed to assure unitary power factor. This is made deploying a second order 

generalized integrator - phase locked loop (SOGI-PLL) [40], which filters potential noise and input voltage 

distortions. The system bandwidth must be low, so as not to interfere with the waveform imposed by SOGI-

PLL at the input current. A first-order low-pass filter was also deployed in the voltage feedback to attenuate 

the current ripple caused by DC-bus voltage ripple at the input voltage frequency. 

For the design of the controllers, the converter transfer function is required for small disturbances in 

the duty cycle. From the average model in the state-space, the plant was raised, described in (1) for the output 

voltage, and in (2) for the input current. The parameters used referred to the design values, with an average 

duty cycle of 0.5 and load resistance of 160 . 

 

𝐺1(𝑠) =
𝑣𝑜̂(𝑠)

𝑑̂(𝑠)
=

−1×104𝑠3+6.721×108𝑠2+9.537×10−5𝑠+5.649×1014

𝑠4+25𝑠3+1.681×106𝑠2+2.101×107𝑠+7.062×1011  (1) 

 

𝐺2(𝑠) =
𝑖𝑖𝑛̂(𝑠)

𝑑̂(𝑠)
=

6.723×105𝑠3+2.521×107𝑠2+5.651×1011𝑠+1.412×1013

𝑠4+25×𝑠3+1.681×106𝑠2+2.101×107𝑠+7.062×1011  (2) 

 

Using MATLAB software, the PI controllers were designed from the closed loop frequency 

response. Each controller has its estimated bandwidth according to the switching frequency and the input 

voltage frequency (estimated bandwidth greater than 10–100 times the input voltage frequency and less than 
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1/10 of the switching frequency, approximately, for the current controller; and at least 10 times lower 

bandwidth for the voltage controller).  

In (3) and (4) are found the transfer functions of the applied PI controllers, for the control of current 

and voltage, respectively, in the frequency domain. Controller C1 refers to the current loop compensation, 

found in the internal control loop, while controller C2 refers to the external PI controller, after voltage 

feedback, both shown in Figure 4.  
 

𝐶1(𝑠) = 0.16745 (
𝑠+7.507×104

𝑠
) (3) 

 

𝐶2(𝑠) = 0.094203 (
𝑠+44.42

𝑠
) (4) 

 

For the application in the discrete-time domain, from the DSP, the controllers 𝐶1 and 𝐶2 if were 

emulated, using the Tustin method. The method maintains its transient characteristics as previously designed 

[41], only varying the sampling frequency in the emulation process, which depends on the switching 

frequency of the converter. The block diagram illustrating the implemented control strategy in Figure 3 and 

the power circuit shown in Figure 4 were validated using PSIM software. In Figure 5, for a load step from  

0.5 pu to 1 pu (320  to 160  of load), a voltage undershoots of approximately 5% and an accommodation 

time (1%) of about 70 ms were measured, with imposition of sinusoidal current with low harmonic distortion 

(THDi < 5% for rated load), validating the designed control. As an example, in Figure 5 it is noted that the 

DC voltage at the output of the Boost converter suffers little variation due to the action of the voltage and 

current controllers. For operation at 400 Hz and 800 Hz, the bandwidth of the PI controllers does not satisfy 

the operating conditions for switching frequencies below 100 kHz. The respective experimental results will 

be presented in section 4. 
 

 

 
 

Figure 4. Experimental and simulation control setup 
 

 

 
 

Figure 5. Simulation result for a load step at 400 Hz from 50% to 100% of rated power 

+-
+
-×

VREF C [z]2
C [z]1

Gate
Driver

ADC

ADC

ADC

K1

K2

K3K5

K4

SOGI
PLL[z]

|x|

|x|

VIN(t)

IIN(t)

G(s)

LPF[z]

Output
Voltage

Voltage
Sensor

Current

Sensor

Voltage

Sensor

Digital
Gain

Digital
Gain

Boost
Converter

Digital Control Analog Control

Time (s)

In
pu

t C
u
rr

en
t (

A
)

O
ut

pu
t V

o
lt

ag
e 

(V
)



                ISSN: 2088-8694 

Int J Pow Elec & Dri Syst, Vol. 13, No. 4, December 2022: 1951-1965 

1956 

3. LOSSES ANALYSIS FOR THE IMPLEMETED BOOST CONVERTERS 

Regarding the losses in power electronics converters, it is possible to highlight the conduction 

losses, switching losses and magnetic losses. Leakage losses, although they exist, do not contribute 

significantly to the studies carried out, so they will be disregarded. The device’s parameters used are usually 

found in their datasheet, and in some cases, they must be measured from laboratory tests, as in the case of the 

inductor series resistance RESR(L). The conduction power losses in switched circuits can be estimated from 

the resistance of the elements used, as well as from the current circulating in the circuit to be analyzed, with 

the exception of diodes, which also depend on their forward bias voltage. The other power conduction losses, 

such as in the PCB tracks or in connection cables, have a reduced contribution (complementary losses) and will 

not be addressed in the proposed analysis. Therefore, the conduction power losses in a FET device can be 

expressed as (5). 
 

𝑃𝑐𝑜𝑛𝑑(𝑆)(𝑡) = 𝑅𝐷𝑆(𝑜𝑛)(𝑇𝐽)𝑖𝑆
2(𝑡) (5) 

 

here, 𝑖𝑆 is the instantaneous drain current, 𝑅𝐷𝑆(𝑜𝑛) is the resistance between drain and source in the on state 

and 𝑇𝑗 is the junction temperature of the transistor. 

Switching losses occur during semiconductor state transitions, being characterized by the superposition 

between voltage and current at this instant. As the number of transitions is directly proportional to the switching 

frequency, switching losses also have the same characteristic. However, switching losses have greater modeling 

complexity, requiring the contribution of several studies in order to develop a model that is close to the one 

found in practice. Prado et al. [42] presented an analytical model for MOSFETs suitable for this application, 

therefore, it was used in the proposed paper. Therefore, losses for MOSFETs can be given by (6). 
 

𝑃𝑠𝑤(𝑆) =
1

2
(𝑡𝑜𝑛𝐼𝑜𝑛 + 𝑡𝑜𝑓𝑓𝐼𝑜𝑓𝑓)𝑓𝑐ℎ𝑉𝐷𝑆 (6) 

 

where 𝑃𝑠𝑤(𝑆) represents the switching power dissipation in the MOSFET, 𝑡𝑜𝑛 and 𝑡𝑜𝑓𝑓 are the overlap times 

in the transitions for conduction and blocking respectively, 𝐼𝑜𝑛 and 𝐼𝑜𝑓𝑓  are the input and output switching 

currents, 𝑓𝑐ℎ is the switching frequency and 𝑉𝐷𝑆 is the blocking voltage at the switch. 

To determine the overlap times, is necessary to determine the charging and discharging behavior of 

the gate-source capacitance (𝐶𝐺𝑆) and gate-drain capacitance (𝐶𝐺𝐷). The modeling of the gate-source load 

(𝑄𝐺𝑆) is given by (7) and is based on the input capacitance (𝐶𝐼𝑆𝑆) of the MOSFET, the gate threshold voltage 

(𝑉𝑇𝐻) and the gate plateau voltage (𝑉𝑃𝐿). 
 

𝑄𝐺𝑆 = 𝐶𝐼𝑆𝑆(𝑉𝑃𝐿 − 𝑉𝑇𝐻) (7) 
 

For the gate-drain load model (𝑄𝐺𝐷), the study becomes complex due to the non-linearities of 𝐶𝐺𝐷 

with the variation of the blocking voltage. From [42] one can conclude that a valid gate-drain load model 

(𝑄𝐺𝐷) can be found using (8), and takes into account only two points of the capacitance curve 𝐶𝐺𝐷x𝑉𝐷𝑆 found 

in the datasheet. The determination of point A was associated with the time constant of RC circuits (τ) 

representing the voltage drop of 𝑉𝐷𝑆 in 2τ, where the voltage reaches 13.5 % of 𝑉𝐷𝑆. The proposed method is 

based on a linearization between the voltages of points A and B (0.135× 𝑉𝐷𝑆 and 𝑉𝐷𝑆, respectively), resulting 

in the approximation by the area of a triangle, equivalent to the capacitance charge 𝐶𝐺𝐷.   
 

𝑄𝐺𝐷 =
𝐶𝐺𝐷(𝐵)𝑉𝐷𝑆+𝐶𝐺𝐷(𝐴)0.135𝑉𝐷𝑆

2
 (8) 

 

𝑄 = 𝑄𝐺𝑆 + 𝑄𝐺𝐷  (9) 
 

Knowing the two contributions to the total gate-source load, the total load (Q) required to activate the switch 

is reached according to (9). 

For the calculation of the overlap times, the gate currents for charging (𝐼𝐺𝑜𝑛) and discharging 

(𝐼𝐺𝑜𝑓𝑓), still necessary, which require the internal gate resistors (𝑅𝐺𝑖𝑛𝑡), for switching on (𝑅𝐺𝑜𝑛) and for 

switching off (𝑅𝐺𝑜𝑓𝑓), as given by (10) and (11). 
 

𝐼𝐺𝑜𝑛 =
𝑉𝐷𝑅−𝑉𝑃𝐿

𝑅𝐺𝑜𝑛+𝑅𝐺𝑖𝑛𝑡
 (10) 

 

𝐼𝐺𝑜𝑓𝑓 =
𝑉𝑃𝐿

𝑅𝐺𝑜𝑓𝑓+𝑅𝐺𝑖𝑛𝑡
 (11) 
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Finally, the overlap times 𝑡𝑜𝑛 e 𝑡𝑜𝑓𝑓 can be calculated from (12) and (13), which are used in (6) to 

determine the switching losses. 
 

𝑡𝑜𝑛 =
𝑄

𝐼𝐺𝑜𝑛
 (12) 

 

𝑡𝑜𝑓𝑓 =
𝑄

𝐼𝐺𝑜𝑓𝑓
  (13) 

 

The switching losses referred to the diode are related to reverse recovery. Therefore, due to the use 

of SiC technology devices, which present zero reverse recovery charge, it will be disregarded in this paper. 

For the inductor, the core losses are dependent on the variation of magnetic flux, temperature, and the 

switching frequency imposed on the device. According to the material used, curves that determine the 

volume losses (𝑃𝑣) of the material can be presented by the manufacturers, according to the indicated 

parameters. Losses are generally given in kW/m³, and are presented for discrete values of magnetic flux 

variation. According to [43], the variation of magnetic flux for inductors (Δ𝐵) is given by (14), where N is 

the number of turns, Δ𝐼𝐿  is the current ripple in the inductor, 𝑙𝑔 is the gap length, MPL is the mean magnetic 

path length and 𝜇𝑚 is the relative magnetic permeability of the material.  
 

Δ𝐵 =
0.4𝜋𝑁

Δ𝐼𝐿
2

10−2

𝑙𝑔+(
𝑀𝑃𝐿

𝜇𝑚
)

  (14) 

 

𝑃𝑐𝑜𝑟𝑒 = 𝑃𝑣𝑉𝑂𝐿𝐿  (15) 
 

From the data collected, the inductor loss is calculated using (15), where 𝑃𝑐𝑜𝑟𝑒 is the power dissipated in the 

magnetic core, and 𝑉𝑂𝐿𝐿 is the inductor volume given in m³. 

For DC-DC conversion, the analysis of power losses will be performed using switching frequencies 

between 100 kHz and 500 kHz, corresponding to the typical and borderline frequency for SiC technology, 

seen in Figure 2. The analysis will be carried out in order to consider the sources of losses and indicate 

possible points for improving the overall efficiency, making it possible to achieve greater efficiency and 

power density for embedded applications, as in the MEA context. Operating temperature of 100°C is 

considered for the determination of power losses in the MOSFETs (SiC and SiC-Cascode), and 40°C is 

considered for the rest of the circuit. Using the mathematical procedure described in the last section it is 

possible to quantify the power losses and also identify the mains sources of power in power electronics 

converters. 

As portrayed in Figure 6, for a switching frequency of 100 kHz, the current ripple in the inductor is 

higher, causing significant losses in the magnetic core, which is equivalent to 30% of the total losses. The 

switching power losses at this frequency correspond to 16% (13.62 W). For 500 kHz switching frequency, 

the core losses are drastically reduced, as a consequence of the lower current ripple and magnetic flux in the 

inductor. Hence, they are responsible for only 1% of the total losses. In contrast, switching losses are 

dominant, equivalent to 61%. The conduction losses found have little variation, since the analysis is 

performed under the same load condition. 

For SiC-Cascode, the results obtained are illustrated in Figure 7. The main differences are found in 

the semiconductors where the power switching loss and the power conduction loss are lower using  

SiC-Cascode device. For 100 kHz switching frequency, the power switching losses are equivalent to only 

10% of the total power loss; while at 500 kHz, the total power loss is equivalent to 42%, with linear growth 

as the switching frequency increases. Even though the same inductor is used in both experiments, one must 

observe that the losses in the magnetic material were reduced from 30% to only 2% of the total. This is due to 

the fact that the current ripple is considerably reduced in higher switching frequencies. The total power loss 

at switching frequencies of 100 kHz and 500 kHz are 13.87 W and 14.84 W respectively. The reduction in 

the power switching losses is due to the simplification of the transistor's drive characteristics, which has 

higher VTH and lower VPL, leading to a shorter current transition period and waveforms overlap. The VPL 

voltages measured for SiC device was 9.5 V and 6.52 V for SiC-Cascode device. In this context, it is 

important to emphasize that this operational characteristic together with the intrinsic capacitances, dictate the 

switching speeds, directly affecting the bandwidth of the transistor. Therefore, special attention must be 

dedicated when choosing FETs for designs with high switching frequency. 
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Figure 6. Power losses analysis with SiC device for rated power (1 kW) 
 

 

 
 

Figure 7. Power losses analysis with SiC-cascode device for rated power (1 kW) 
 

 

4. EXPERIMENTAL RESULTS AND DISCUSSIONS 

Figure 8 shows the laboratory prototype. The connections between the control and power circuits 

were made from shielded cables to mitigate electromagnetic interference. The connection of external 

components, such as voltage sensors, protection devices, inductor and bridge rectifier were made from 

ordinary cables. For heat dissipation, an aluminum heatsink is used at the bottom of the power circuit. The 

converter performance was tested in two operating situations: DC-DC conversion and AC-DC conversion at 

varying frequency of 400-800 Hz, as found in MEA. The results were obtained in steady state, with stable 

operating temperature according to the load and switching frequency. For all operating conditions, the input 

voltage was applied by a controlled voltage source in order to mitigate injected noise and maintain harmonic 

distortion levels without interference from external factors. The efficiency measurements refer to the input 

and output powers of the power circuit, disregarding losses related to gate-driver and control circuits. In this 

section, the results obtained for both operating conditions will be discussed, seeking to highlight the main 

advantages provided by the semiconductors technologies used and their potential for MEA application. 
 

 

 
 

Figure 8. Prototype developed in laboratory 
 

 

4.1.  DC-DC conversion system for MEA 

For the DC-DC conversion system, the input and output powers of the experimental were measured 

using a precision equipment - YOKOGAWA WT230. The switching frequency was set from 50 kHz to  
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1300 kHz. The maximum switching frequency was chosen regarding the maximum power dissipation of 50 

W, which is reached at switching frequency of 1300 kHz, at rated power. The waveforms presented were 

measured using the TEKTRONIX MDO3034 and MDO4054-3 oscilloscopes, using isolated voltage probes, 

in order to mitigate external noise. For reasons of safety and susceptibility to mutual interference between the 

control and power systems, in conjunction with operation at the practical limits of the semiconductors, the 

DC-DC operation will be driven in open loop. However, small adjustments are made according to the 

operating frequency in order to keep the gain constant. From the data obtained, it is observed that the SiC-

Cascode MOSFET technology provided greater efficiency with switching frequency of 100 kHz, as 

illustrated in Figure 9. Initially, both technologies proved to be efficient, reaching 98.8% efficiency at rated 

load. The higher the switching frequency, the greater the discrepancy between the performance of Sic and 

SiC-Cascode devices. This caused due to switching losses which is more significant using SiC devices. 

During operation at higher switching frequency, the rise and fall times of the VDS voltage were 

measured, as seen in Figure 10. As expected, a difference between the switching times was verified, with the 

SiC-cascode device being faster in the transitions. Due to this feature, the overlap time between current and 

voltage is reduced, causing less switching power loss, and achieving greater overall efficiency. This occurs 

due to the simplified characteristics of the activation of the SiC-Cascode switch, with reduced output 

capacitance (Coss) of the transistor at rated DC-bus voltage (400 V), being 32 pF against 52 pF of the SiC 

switch, approximately. Therefore, for both technologies, reduced switching times were observed, which lead 

to lower power switching loss. This characteristic highlights the importance of the article presented herein for 

the advancement of MEA since it demonstrates that high switching frequencies should be chosen for the 

design of DC-DC conversion systems with reduced weight, leading to the reduction of fuel consumption in 

the aircraft.  

 

 

 
 

Figure 9. Efficiency x Frequency, DC-DC conversion system 
 
 

  
(a) 

 

(b) 

 

  
(c) (d) 

 

Figure 10. Experimental results; switching time for SiC MOSFET: (a) rise time and (b) fall time: switching 

time for SiC-Cascode MOSFET, (c) rise time, and (d) fall time 

9.2 ns 9.9 ns
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4.2.  AC-DC conversion system for MEA 

Figure 11 shows the main waveforms observed in the laboratory with AC power supply frequency 

of 400 Hz and 800 Hz and switching frequency of 200 kHz. The waveforms were acquired from the 

TEKTRONIX MDO3034 and MDO4054-3 oscilloscopes, together with the TEKTRONIX TCPA-300 

current sensor. The data for measuring harmonic distortion were obtained from oscilloscopes, with a 

sampling of 1 Msamples/s, stored in an external device and processed computationally via MATLAB. Up to 

the 41st harmonic orders were considered, and data equivalent to three fundamental periods sampled in each 

case were treated. 

For both AC power supply frequencies, low harmonic distortion of current and high-power factor is 

achieved. From the analyses of the waveforms, it is also possible to observe that there is more significant 

distortion in the voltage and current waveforms when SiC-Cascode device is used. This arise from the high 

dv/dt indexes inserted by the fast-switching technology, but can be mitigated by raising the drive resistors, 

with a consequent reduction in the switching speed and efficiency [2]. This feature sets up a conflict of 

choice between distortion minimization and circuit efficiency, and it is up to the designer to find the optimal 

operating point, which changes according to the technology deployed. This difference, although subtle, can 

lead to problems with EMI, and should be explored through practical analysis in future works. 

 

 

  
(a) 

 

(b) 
 

  
(c) (d) 

 

Figure 11. Waveforms, MEA AC-DC operation with 400 Hz: (a) SiC MOSFET, (b) SiC-Cascode MOSFET, 

(c) SiC MOSFET, and (d) SiC-Cascode MOSFET 

 

 

For the efficiency analysis, the results presented herein were obtained varying the switching 

frequency between 100 kHz and 1000 kHz. Figure 12 demonstrates that better results are achieved with the 

SiC-Cascode device. Peak efficiency for AC power supply frequency of 400 Hz was achieved at 100 kHz 

switching frequency, reaching 98.12%, against 98.00% obtained with SiC device. For the higher analyzed 

switching frequency (1000 kHz), the SiC-Cascode technology proved to be superior, with 96.2% efficiency 

against 94.93% achieved with the SiC technology. Such a reduction in efficiency, compared to DC-DC 

conversion system, comes from the insertion of the diode rectifier bridge at the input of the circuit, which 

causes additional power losses. For operation with AC power supply frequency at 800 Hz, the results are 

similar. 

Figure 13 presents the main obtained results for a wide load range and with 400 Hz AC power 

supply frequency and 250 kHz switching frequency. With SiC-Cascode device the achieved efficiency level 

is higher when compared to results obtained with SiC device. For the power factor, measured from 

YOKOGAWA WT230 precision equipment, the results obtained remained above 0.96 for both technologies, 
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increasing according to the load level and reaching a peak value above 0.99 at rated load. Due to faster 

switching conditions, SiC-Cascode technology introduces more noise into the system as observed in  

Figure 11, leading to a slight variation in the achieved power factor. Consequently, a degradation in the 

harmonic distortion index of the input current can be observed for this technology, with about 16% of 

distortion for the lowest load condition (22% of the rated power), decreasing to 5% at rated power. In 

contrast, SiC technology did not present such problems, providing a THDi of 7% for the lowest load 

condition and 2% at rated power.   
 
 

  

(a) (b) 
 

Figure 12. Efficiency x frequency, AC-DC operation with different AC power supply frequency:  

(a) 400 Hz and (b) 800 Hz 
 

 

 
(a) 

 

  
(b) (c) 

 

Figure 13. Experimental results for wide load range with 400 Hz AC power supply frequency: (a) efficiency, 

(b) power factor, and (c) total harmonic distortion of the input line current 

 

 

With 800 Hz AC power supply frequency, the results obtained at rated load confirm a THDi of 

about 3% (SiC) and 5% (SiC-Cascode), and power factor above 0.99. As the 800 Hz AC power supply 

frequency is used sporadically in aircraft systems, the results for different load conditions will be analyzed 

only at nominal AC power supply frequency (400 Hz). The dynamic response of the output voltage controller 

and the Boost input current controller, when subjected to a 50% load step down and over, can be seen from 

Figure 14. They resulted in settling times of about 60 ms under both applied conditions, and percentage 

overshoot/undershoot of approximately 7% during dynamic tests. 
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(a) (b) 

 

Figure 14. Dynamic response at 400 Hz (200 V/div, 5 A/div, and 20 ms/div):  

(a) load step from 50% to 100% of rated power and (b) load step from 50% to 100% of rated power 

 

 

As a specific condition found in MEA systems, the dynamic variation of the input voltage frequency 

was also addressed. Applying an increasing voltage frequency ramp from 400 Hz to 800 Hz, during 200 ms, 

it is possible to observe that the SOGI-PLL operation accurate. The system was able to follow the frequency 

variation, keeping the imposition of the input current synchronized with the ac voltage. The output voltage 

remained regulated at 400 V throughout the entire transient period, validating the voltage regulation for the 

frequency ramp. Figure 15 shows the behavior of the structure facing variation of the grid power supply 

frequency, proving that a perfect synchronism between current and voltage is achieved. As observed, the 

system was able to maintain synchronism under frequency variation, maintaining power factor correction and 

load voltage regulation. 

 

 

 
 

Figure 15. Synchronism between grid voltage and current during frequency variation (from the left to the 

right: from 400 Hz to 800 Hz, during 200 ms) 

 

 

5. CONCLUSIONS 

The mathematical description of power losses in power electronics converters deploying SiC and 

SiC-Cascode devices is described in this paper, and it was corroborated by experimental analysis. It has been 

demonstrated that Wide-bandgap semiconductors can achieve high switching speed and high efficiency even 

at switching frequencies above 1.0 MHz. Both technologies provide reduced switching times, which lead to 

lower power switching loss. This characteristic highlights the importance of the article presented herein for 
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the advancement of More Electric Aircraft, since it demonstrates that high switching frequencies should be 

chosen for the design of DC-DC and AC-DC conversion systems with reduced weight, leading to the 

reduction of fuel consumption in the aircraft. 

For DC-DC conversion systems, the SiC-Cascode MOSFET has simplified drive characteristics, 

with lower gate-driver requirement, since lower level of peak current is needed. With SiC-Cascode device, 

the main differences are found in the power switching loss and the power conduction loss. For 100 kHz 

switching frequency, the power switching losses are equivalent to only 10% of the total power loss; while at 

500 kHz, the total power loss is equivalent to 42%, with linear growth as the switching frequency increases. 

The reduction in the power switching losses is due to the simplification of the transistor's drive 

characteristics, which has higher VTH and lower VPL, leading to a shorter current transition period and 

waveforms overlap. In this context, it is important to emphasize that this operational characteristic together 

with the intrinsic capacitance values, dictate the switching speeds, directly affecting the bandwidth of the 

transistor. Therefore, special attention must be dedicated when choosing FETs for designs with high 

switching frequency. 

On the other hand, for AC-DC conversion systems, SiC-Cascode technology introduces more noise 

into the system, leading to a significant degradation in the harmonic distortion index of the input current. 

This arise from the high dv/dt indexes inserted by the fast-switching technology, but can be mitigated by 

raising the drive resistors, with a consequent reduction in the switching speed and efficiency. This feature 

sets up a conflict of choice between distortion minimization and circuit efficiency, and it is up to the designer 

to find the optimal operating point, which changes according to the technology deployed. The difference in 

THDi, although subtle, can lead to problems with EMI, and should be explored through practical analysis in 

future work. In this context, the THDi achieved was above 5% for a wide load range. For the lowest load 

condition (22% of the rated power), a THDi of 16% was observed, decreasing to 5% at rated power. In 

contrast, SiC technology did not present such problems, providing a THDi of 7% for the lowest load 

condition and 2% at rated power. Therefore, since SiC technology presents greater stability in its parameters, 

lower EMI irradiation can be assured using this device. In conclusion, one can observe that SiC and SiC-

Cascode devices can provide high efficiency and high-power density to energy conversion systems found in 

MEA’s Electric Power Systems. However, the commutation speed of semiconductors must be carefully 

analyzed in order to reach the optimal relation between EMI and efficiency. 
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