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Abstract—The parallel connection of a Silicon (Si)-based IGBT
and a Silicon Carbide (SiC)-based MOSFET forming a so called
hybrid switch (HyS) can be used to exploit the advantageous
features of both semiconductor and materials technologies. In
this paper, a HyS-based inverter designed for the application of
Electric Vehicle (EV) traction is compared to the conventional
inverter assembled with Si-based IGBTs and SiC-based MOS-
FETs. According to different standardized driving cycles, EVs
operate in low partial load for a considerable amount of the
time. Therefore, in this application, semiconductor conduction
losses can be considerably reduced when unipolar switches such
as MOSFETs are used. All in all, this work shows that the HyS
configuration constitutes a good compromise between efficiency
and cost when compared to the solution implementing only Si-
based IGBT or solely SiC-based MOSFETs.

Index Terms—Electric vehicles, hybrid switch, motor drive,
Silicon Carbide (SiC), driving cycles

I. INTRODUCTION

As the world moves towards a more sustainable future, the

automotive industry aims to reduce its share of CO2 emis-

sions. Development of Electric Vehicles (EVs) has become

prominent as they produce substantially lower CO2 emissions

than internal combustion engines vehicles [1]. One of the

R&D goals in this area is the improvement of the EV traction

drive efficiency and the consequent extension of driving range.

The traction drive, which converts electrical energy from the

battery to mechanical energy in the wheels, consists of a DC-

AC converter, known as inverter, and an electric motor, as

shown in Fig. 1. The inverter is a major contributor to the

power loss of the traction drive [2]- [18].

Currently, the majority of the commercial EV inverters

consist of Silicon (Si)-based IGBTs, which are known for

robustness, relatively low cost, and good conduction perfor-

mance at high currents. There are, however, several drawbacks

of using Si IGBTs in the application of EV drives. Due to

the bipolar junction characteristic, IGBTs have unsatisfactory

performance at low current condition. Additionally, especially

in high voltage class devices, the current tail observed during

an IGBT’s turn-off may result in high switching losses [3]. In

fact, standardized driving cycles demonstrate that consumer

EVs operate at low partial load during the majority of its

driving [18]. This calls for a better suited semiconductor than

the Si-based IGBTs.

Another candidate for the inverter switch is the Silicon Car-

bide (SiC) MOSFET. In recent years, it has gained popularity

due to its excellent switching performance, the easy paralleling

feature which can enable a higher power handling, and above

all the higher temperature capability of the SiC material.

The thinner n-doped region of SiC MOSFETs provide wider

voltage ranges compared to the Si-based MOSFETs and have

low conduction and switching losses [3]. In particular, high

power SiC MOSFETs show outstanding efficiency at lower

current, which makes them very suitable for application in an

EV traction system from an efficiency point of view. The major

drawback of the SiC MOSFET is the higher manufacturing

cost and lower reliability in comparison to the traditional

IGBT-based inverters.

The significantly higher cost of the SiC MOSFET calls for

a compromised solution [19]. In recent years hybrid switches

(HyS), assembled paralleling Si IGBT and SiC MOSFET, as

shown in Fig. 2(a), have shown promising results. HySs takes

advantages of both the IGBT and MOSFET technologies.

Ideally at low current, the MOSFET conducts most of the

current because it does not have the pn junction barrier poten-

tial. However, at high current, the IGBT branch is designed

to conduct a greater proportion of the total current, due to

its lower on-state resistance [3]. Furthermore, the HyS is

also capable of reducing switching losses with respect to Si

IGBTs. The SiC MOSFET switches faster, and thus it has

considerably lower switching losses than the IGBT [9]. HyS

can be controlled so to delay the turn on and off of the IGBT or

to switch both IGBT and MOSFET together, as shown in Fig

2(b) and (c). Therefore, by optimizing the switching behaviour

of MOSFET and IGBT in a HyS, zero voltage switching can

be achieved for the IGBT to further reduce losses [9], [10],

[12], [13].

Prior research has demonstrated that HyS’ conduction char-

acteristic can outperform the one of pure Si IGBTs switch

Fig. 1. Electric vehicle motor drive system with Si-based IGBT inverter.
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Fig. 2. Si IGBT and SiC MOSFET paralleled hybrid switch (a); gate signal
for ideal switching (IGBT ZVS) (b) and for the hard switching (c).

Fig. 3. Half-bridge SiC MOSFET Module [20] and Discrete Si IGBT [21].

at low current and of pure SiC MOSFETs at high current

[3]. There have been some practical issues reported for the

realization of the HyS, such as higher current stress and false

turn-on, due to the Miller effect, across the IGBT branch [9].

However, with the appropriate control and gate driver design,

these issues can be addressed with a trade-off between slightly

higher losses, which still remain much lower than that of the

full Si IGBT based inverter configuration [9], [11].

Several studies have already shown that HySs are a great

compromise in terms of efficiency and cost between Si IGBT

and SiC MOSFET. This has led the study and design of HyS-

based converters in diverse applications, including in aircraft’s

high speed drives [16], wireless charging [15], and general

high power purposes such as power modules [12]. There is a

dearth of information about the HyS in the application of EV

traction drives, nonetheless the peculiarity of such application

might be suitable for HyS.

This paper presents a qualitative comparison of the effi-

ciency and cost between different switch configurations of

a Nissan Leaf 2011 traction inverter. A HyS-based, a full

Si IGBT-based switch, and a full SiC MOSFET-based are

considered. The solutions are benchmarked when performing

multiple standardized driving cycles [17], [26] to evaluate the

hybrid solution alongside the traditional configuration.

(a) (b) (c)

Fig. 4. The three configurations for the inverter switches considered in
this study: eight discrete IGBTs with anti-parallel diodes in parallel (a),
four discrete IGBTs (no anti-parallel diode) with four discrete MOSFETs
in parallel (b), and eight discrete MOSFETs in parallel (c).

TABLE I
NISSAN LEAF DRIVE TRAIN PARAMETERS [25]

Parameter Value Unit

Battery DC Voltage 375 V
Battery Capacity 24 kWh
Output Power 80 kW
Switching Frequency 5 kHz

II. SI/SIC HYBRID SWITCH

A. Selection of Devices

HySs are realized by paralleling Si IGBTs and SiC MOS-

FETs. These semiconductor devices are commercially sold as

power modules, as illustrated in Fig. 3 (a) or as discrete TO-

packaged devices as shown in Fig. 3 (b). Both packaging

configurations of Si IGBT and SiC MOSFET are popular

solutions with many different suppliers. Paralleling discrete

devices introduces significant parasitic inductances that can

negatively affect the commutation loop [9]. In this context,

integrating the HyS in a single packaging would reduce

parasitic inductance and lead to optimal performances [12].

Due to limited products available commercially, in this study,

the HyS is realized paralleling several single switch TO-247

packaged discrete components.

As previously mentioned, the HyS is designed for the

implementation in the drive train of the Nissan Leaf 2011

Model, whose main electrical parameters are listed in Table

I [25]. Due to the available commercial products and the

modularity of the design, the current rating of each HyS has

been chosen to be about 300 A.

Three different configurations of the same current rating,

based on off-the-shelf components, are compared, and they

are displayed in Fig. 4(a)-(c) The full Si IGBT and full SiC

MOSFET configurations where eight discrete components are

arranged in parallel for each inverter switch are shown in Fig.

4(a) and (c). The HyS-based solution, assembled with four

discrete IGBTs in parallel with four discrete SiC MOSFETs

per inverter switch, is shown in Fig. 4(b). An 1:1 Si/SiC

rated current ratio has been considered in this study to ensure

that the switch would operate within the thermal limitation.
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Fig. 5. The on-state characteristics of all three configurations considered in
this paper.

Therefore, the SiC MOSFETs and Si IGBTs in the HyS are

designed to have equal current rating. The low voltage of

the EV battery allows the utilization of switches with 650V

voltage class. The specific selection of components and their

ratings can be found in Table II. The traction inverter is then

designed paralleling two of the previously described switches,

so to withstands the total phase current.

B. Switch Characteristics

A linearized model was created in LTSpice based on the

data extracted from the manufacturer’s datasheet.

The on-state behaviour of the three configurations studied

can be observed in Fig. 5. The on-state characteristics are

derived for a parallel of eight devices, as it has been previously

described. For low current values, between -100 and 100 A, in

the HyS, this flows entirely through the SiC MOSFET, how-

ever the on-state characteristics differs from the full MOSFET

switch, as possible to see in Fig. 5. This difference is due to the

fact that the HyS is composed of four parallel MOSFET, while

the full MOSFET one by eight parallel devices. Therefore, at

low current, the pure SiC MOSFET switch will exhibit half

on-state resistance than the HySs.

As predicted, the HyS has a trade-off performance when

compared to the single technology configurations. As it can

be noted the HyS demonstrate a lower voltage drop at equal

forward current than the full Si IGBT switch at low currents

and better performance than the full SiC MOSFET switch

at high current. The on-state characteristics are compared

at 150◦C, which is the maximum temperature at which the

switches are designed to operate.

C. Current Sharing

The current sharing between the IGBT and MOSFET in the

HyS varies according to the total current and temperature. To

visualize this, the on-state characteristic is linearized between

0◦C and 150◦C and swept between -300A to 300A, as shown

in Fig. 6 and 7. At low current, the total current flows through

the MOSFET due to the IGBT’s pn junction barrier voltage.

TABLE II
OFF-THE-SHELF COMPONENTS CONSIDERED FOR THE STUDY [22], [23].

Switch Producer Type Rating Price [$]1

SCT3030AL Rohm SiC MOSFET 49A / 650V 22.23
IGP40N65H5 Infineon Si IGBT 46A / 650V 4.29

1 taken from Digi-Key [24].

When the junction barrier voltage is reached, the IGBT starts

to share the total current with the MOSFET. As the current

increases, more current flows through the IGBT, as it has a

lower on-state resistance than the MOSFET. Similar current

sharing behaviour can be observed between the diode of the

IGBT and MOSFET in the negative current region.

Due to the intrinsic positive temperature coefficient of the

used semiconductor devices, their on-state characteristic is

strongly influenced by their junction temperatures. As junction

temperature, Tj, increases, the conduction performance dete-

riorates because the on-state resistance, Ron, increases. The

temperature dependence of Ron is linear and can be expressed

as:

Ron(Tj) = Ron,ref · [1 + Ct · (Tj − Tref)], (1)

where Ct is the linear coefficient and Ron,ref the on-state

resistance at the reference temperature Tref . The SiC MOSFET

component has a higher Ct than the Si IGBT, therefore, the

IGBT, with its lower on-state resistance, would conduct a

higher percentage of the total current at higher junction tem-

perature. Furthermore, the IGBT’s junction barrier potential

decreases as temperature increases. This means that the IGBT

starts conducting current at a lower total current.

III. EFFICIENCY EVALUATION

Power losses in Pulse-Width-Modulation (PWM) controlled

three phase Two-Level inverters occurs due to current conduc-

tion, Pc, and switching, Psw:

Plosses = Pc + Psw. (2)

These can be calculated based on the assumption that the

switching frequency fs is much greater than the fundamental

motor frequency. The EV is assumed to also implement a

sinusoidal carrier based PWM, which means the sinusoidal

carrier can be considered constant during one switching period.

For the full Si IGBT solution the conduction losses are

calculated using the on-state resistance, rce, and pn barrier

voltage, vce, as described in the previous section:

Pc = vce · Iavg + rce · I
2
rms, (3)

where Irms and Iavg are the RMS and average current flowing

through the device. The hard switching losses, instead, are cal-

culated using the turn on, off, and reverse recovery switching

energies Eon,off,rr(Isw(θ)), which are function of the switched

current Isw(θ). These are provided by the manufacturers in

datasheets and can be linearly scaled according to the switched

voltage Vdc,sw and reference voltage Vb given in the datasheet:

Psw,IGBT,MOS =
fsVdc,sw

2πVb

∫ 2π

0

Eon,off,rr(Isw(θ))dθ (4)
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Fig. 6. Percentage of current flowing through IGBTs as a function of the
current and temperature for the HyS.

The average and RMS current flowing through the IGBT and

diode of the full Si IGBT inverter are calculated using the (5)-

(8), where Î indicates the peak AC current, m the modulation

index, and ϕ is the phase shift between voltage and current at

fundamental frequency:

Iavg,T =
Î

8π

(

mπ cosϕ+ 4

)

(5)

Iavg,D =
Î

8π

(

4−mπ cosϕ

)

(6)

Irms,T =
Î

2

√

8m cosϕ+ 3π

6π
(7)

Irms,D =
Î

2

√

3π − 8m cosϕ

6π
(8)

For the conduction losses of the full SiC MOSFET solution

one can use:

Pc = rdson · I2rms,M (9)

where rdson is the on-state resistance of the MOSFET and the

RMS current flowing through it, Irms, is defined as:

Irms,M =
Îac,MOS

2
(10)

assuming that the dead time is relatively small with respect to

the switching period and that the current ripple in the motor

phases is negligible.

The forward conduction losses of the HySs between IGBT

and MOSFET is calculated by integrating the the product of

the instantaneous current flowing through the switch I(θ),
the voltage across the switch V (I(θ)), which is the voltage

corresponding to the instantaneous current in the on-state

characteristic curve, and the duty cycle D(θ) of the inverter:

Pc =
1

2π

∫

π+ϕ

ϕ

I(θ + ϕ) · V (I(θ)) ·D(θ)dθ, (11)

Fig. 7. Percentage of current flowing through MOSFETs as a function of the
current and temperature for the HyS.

Fig. 8. The speed profiles of a) WLTP, b) NEDC, and c) FTP driving cycle.

where for sinusoidal PWM

D(θ) =
1

2
+

1

2
m sin θ. (12)

The reverse conduction losses of the HySs is given by:

Pc =
1

2π

∫

π+ϕ

ϕ

I(θ + ϕ) · V (I(θ)) · (1−D(θ))dθ (13)

The equations here described are implemented in MATLAB

and used to evaluate the efficiency of the HyS inverter both

at static load condition and over standardized driving cycles,

displayed in Fig. 8.

A. Efficiency over Static Load Conditions

At static load, the efficiency of each switch is evaluated at

unit power factor from 10% loading to full load, considering

a junction the temperature of 80◦C. The modulation index is

0.5 and the switching frequency is 5000Hz, according to the

Nissan Leaf traction drive. The inverter efficiency varying the

output power is plot in Fig. 9. At low power the MOSFET and

HyS-based inverters show significantly better efficiency than

the IGBT-based one. As the load increase, the three switch

configuration show similar performances.

281

Authorized licensed use limited to: TU Delft Library. Downloaded on September 03,2021 at 13:04:08 UTC from IEEE Xplore.  Restrictions apply. 



Fig. 9. Efficiencies of all configurations as a function of output power.

Losses

REQ,sw RTH,SATCRC,sw
Ta

TJ

RTH,JS

Fig. 10. The simplified thermal circuit for Heatsink design.

B. Efficiency over Driving Cycle

To evaluate the efficiency of the inverter for EV, the Nissan

Leaf car model is simulated when performing the WLTP, FTP

and NEDC driving cycles [26], which are standardized driving

cycles used for the benchmarking of transport vehicles, in

MATLAB Simulink. Each driving cycle has a duration which

varies from 20 to 30 minutes, as it is possible to see in Fig. 8.

For the driving simulation, the vehicle is considered to run in

a flat surface with zero inclination.

The voltage, current and modulation data is then input into a

feedback loop with the thermal circuit to determine the losses

of the inverter. In the feedback loop, the on-state characteristics

determined by the thermal circuit is used to calculate the losses

with (2)-(13). The simplified thermal resistance circuit of the

inverter is shown in Fig. 10. To ensure that the vehicle would

operate within the thermal limits, a water cooling system is

designed for the inverter. The heatsink thermal resistance,

Rth,sa, varies for each configuration and is determined by:

Rth,sa =
Tj,max − Ta,max

Ploss

−Rth,js, (14)

where Ta,max and Tj,max are the maximum ambient and

junction temperature set respectively to 75◦ and 125◦C, and

Rth,js the junction to sink thermal resistances, from datasheet.

The HySs and MOSFET-based inverters require a smaller

heatsink than the IGBT-based counterpart, due to the better

efficiency at full power, which is advantageous as it reduces

the weight and size of the traction drive.

The ideal switching strategy, as shown in Fig. 2(b), can

result in lower switching losses. However, the extent of loss

reduction depends on the parasitic inductances and capaci-

tances of the switches. These values are highly dependent

on the practical implementation of the switch, which is why

Fig. 11. The efficiency of all configurations over different driving cycles.

the evaluation of efficiency are based on the ideal switching

conditions, i.e. the MOSFET takes the turn-on and off losses

while the body-diode of the MOSFET takes the reverse

recovery losses.

The efficiency of each configuration over the driving cycles

and its cost is shown in Fig. 11. The cost figures are derived

according to the unit price reported in Table II, and considering

that each half-bridge switch of the three phase inverter is

assembled paralleling two of switch configurations studied

through the paper and displayed in Fig. 4. Each of these, in

fact, is rated for conducting 300A, while the phase current

when the traction inverter delivers the full power can reach up

to 600A.

The driving cycles require the car to be often operating at

low partial load. This explains why the solutions employing

SiC MOSFETs perform considerably better, especially the

ones assembled with the HySs which demonstrate promising

overall efficiency. In terms of cost competitiveness, HyS, at

the present day component costs, cannot match the low costs

of Si IGBTs, however they are considerably cheaper than

SiC MOSFETs and show good performances too. Overall,

when evaluating efficiency and costs, the HyS is worth to be

considered as promising switch candidate for the EV traction

application.

IV. CONCLUSION AND FUTURE WORK

This paper investigated the performances of hybrid Si/SiC

inverters for EV drive trains. Due to the fact that the EVs

operate most of the time at low partial load, the IGBT based

traction inverter operates at a disadvantage point, since it

does not have the best performance at low current. In this

merit, the HyS constitutes a superior alternative. It has the

advantages of both the Si IGBT and SiC MOSFET, exhibiting

a good on-state characteristics over the entire operating range.

Furthermore, it has a considerably lower cost than the full

SiC MOSFET switch. Although the pure IGBT inverter has

higher efficiency near full load, multiple standardized driving

cycles suggest that evaluating inverter efficiency at partial load

is more important in this specific application, making the HyS

a valuable candidate and EV traction inverter switch.

For future studies, the HyS of the selected configuration will

be experimentally characterized and compared, so to validate
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Fig. 12. Test board for the characterization of module and TO-packaged
discrete semiconductors.

the models utilized in this paper. The test board designed

for the characterization of module and TO-packaged discrete

semiconductors, shown in Fig. 12, will be used. The switching

strategy, individual component chip size and rated current

ratio between Si IGBT and SiC MOSFET should also be

examined to further optimize the performances and decrease

cost. Furthermore, the efficiency should be experimentally

compared with the driving cycle load profile. A Hardware In

the Loop implementation would be ideal for this test to prove

the advantage of Si/SiC HyS for consumer EVs.
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