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Abstract—In recent years, new efficient power devices have 
been implemented; in particular, Silicon Carbide (SiC) devices 
have advantages as regards their electrical characteristics, 
such as very low power losses, low gate charge, low 
capacitances, a low on-state resistance and many others, when 
compared to the Silicon (Si) devices; these devices can operate 
at high switching frequency and high voltages; with reference 
to their thermal characteristics, thanks to their great thermal 
conductivity, high power can be obtained and, because of their 
wide bandgap, high temperature can be reached; for these 
reasons, these devices are utilized in a wide range of 
technological applications, including power electronics. In this 
paper, power losses in Si and SiC devices are evaluated in 
simulation and compared to each other; in order to 
demonstrate the remarkable advantages of the SiC devices 
over the silicon ones, a study which makes use of an isolated 
DC-DC converter is proposed in this paper. As regards the 
proposed full-bridge converter, SiC and silicon MOSFETs and 
diodes, of whom some static and dynamic parameters are 
compared, are used in order to transfer power from a DC 
voltage supply to a load. 

Keywords—SiC devices; isolated power converters; power 
losses; DC-DC converters. 

I. INTRODUCTION 

With the development of new efficient power devices, 
new materials are used for replacing the traditional silicon 
power devices. In particular, Silicon Carbide (SiC) power 
devices may be defined as the future of electronics and the 
future of electronics and semiconductor industries, in so far 
as high switching frequency, low power losses and high 
voltages are the main features of these devices [1-2]. 
Because of their great thermal conductivity and wide 
bandgap, these ones can be exploited to get high power and 
to operate at high temperatures. These are the reasons why 
SiC plays an important role in the implementation of new 
technology applications, such as high efficiency DC-DC 
converters, DC-AC converters, inverters for solar and wind 
energy, photo-voltaic converters, power converters for 
electrical and vehicles, motor drives, power inverters for 
industrial equipment, high voltage switches for X-ray 
generators, thin-film coating processes, chargers and power 
supplies for renewable energy systems [3-16]. Many power 
devices are produced, such as Schottky barrier diodes, 
MOSFETs, power modules, IGBTs, BJTs, and many 
companies are engaged in making them. With reference to 
the electrical and thermal characteristics, SiC devices 
present advantages over the silicon ones. They offer a very 
high operating junction temperature capability, a low on-
state resistance and an extremely low gate charge and input 
capacitance [17], offering the opportunity of efficient power 
converters with limited size, being energy saving and new 

electric storage solutions challenging topics for researchers 
[18-20]. 

The study proposed in this paper is part of the effort to 
demonstrate the remarkable advantages of SiC devices over 
the silicon ones. It makes use of the well-known full-bridge 
DC-DC converter [21]. In this paper, power losses in SiC 
devices are analyzed and compared to the silicon ones. 

II. THEORETICAL OUTLINES 

A. Conduction power  losses and drain-source channel 
resistance 

In order to minimize power losses, the transistors work 
as switches, either on or off, rather than working in their 
linear region [22]; nevertheless, the conduction power losses 
and the switching power losses must be taken into account: 
with reference to the first ones, when a transistor is on, the 
conduction losses are functional to the current and the 
channel resistance of the MOSFET. The conduction energy 
losses are calculated as follows [23]:       

 

 Econd= න iୢ
ଶ(t)∙Rds(ON)dt

D∙Tsw

0
 

 
(1) 

 
where id is the drain current, D is the duty-cycle of the gate 
signal used to control MOSFET’s logical state, Tsw is the 
switching period and Rds(ON) is the on-state drain-source 
channel resistance. 

Conduction losses can be obtained in this way [23-24]: 
 

Pcond=Econd∙fsw=D∙Id
2∙Rds(ON)=Idrms

2 ∙Rds(ON) 
 

(2) 

fsw is the switching frequency and Idrms is the RMS value of 
the drain current. As can be seen, these losses depend on the 
duty-cycle. 

Besides, the on-state drain-source channel resistance is 
functional to the junction temperature Tj [25]: 
 

Rds(ON)=Rds(ON)t
∙[1+K∙(Tj-25°C)] (3) 

 
where Rds(ON)t is the Rds(ON) calculated at 25°C, K is the 
thermal coefficient, obtained by the normalized on-
resistance vs. temperature graphs from the datasheets. 

This resistance is the sum of several resistive 
components originated from the technological steps that 
have led to the implementation of the MOSFET. These 
components are: the source region resistance, the channel 
resistance, the accumulation layer resistance, the drift region 
resistance and the drain region resistance. These ones are 
shown in Fig. 1. 

 
 



 

Fig. 1. Resistive components between source and drain

 
 

In order to reduce all these contributions, the 
manufacturer uses the heaviest doping in each r
Furthermore, the extension of the gate metallization over the 
drift region is advantageous in terms of conductivity at the 
region between the drift region itself and the gate oxide, in 
so far as an accumulation layer is created [22

 
With regard to the diodes conduction losses P

be obtained in the same way [26]: 
 

Pcondd
=fsw∙ න v(t)∙i(t)dt

Tsw

0
 

where v(t) and i(t) are respectively the diode voltage and 
current, and Tsw is the switching period. 

B. Switching power losses 

With regard to the MOSFET switching power losses, 
these ones increase with the frequency. T
are determined as follows [23]: 
 

Pturnon
=Eon∙fsw 

Eon is the turn-on energy losses. This last one can be 
obtained as: 
 

Eon= න vds(t)∙id(t)dt
td(on)+tr

0
 

   
td(on) is the instant of time in which the on-
is the current rise-time, vds and id are the drain
drain current during this interval time.  

In the same way, turn-off losses can be calculated
   

Pturnoff
=Eoff∙fsw 

 
Eoff is the turn-off energy losses. It can be obtained by:
 

Eoff= න vds(t)∙id(t)dt
td(off)+tf

0
 

td(off) is the instant of time in which the off
and tf is the current fall-time. 

Switching losses are the sum of turn
power losses, so that: 
 

Psw=(Eon+Eoff)∙fsw 

 
Resistive components between source and drain [22] 

In order to reduce all these contributions, the 
manufacturer uses the heaviest doping in each region. 
Furthermore, the extension of the gate metallization over the 

n terms of conductivity at the 
and the gate oxide, in 

[22]. 
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y the diode voltage and 
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on energy losses. This last one can be 
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-transition starts, tr 
are the drain-source and 

off losses can be calculated: 
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an be obtained by: 
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is the instant of time in which the off-transition starts 

Switching losses are the sum of turn-on and turn-off 

 (9) 

 
 
 
Moreover, it’s worth remembering 

responsible elements of a MOSFET producing switching 
power losses is its body-diode, which is traversed by current 
during the trr reverse recovery time
defined in Fig. 2 [27].  

 
 

Fig. 2.  Definition of reverse recovery time
 
Qrr is the stored charge; in fact, both for diodes
MOSFET body-diodes, this charge, called reversed recovery 
charge, can be calculated [28]: 
 
 

Qrr= න I
t2+ta+tb

t2

 
where Id(t) is the current. 

With reference to Fig. 2, turn
 

 

Pturnoff
=fsw∙ න Vd

t4

t1

 
where Vd(t) is the diode reverse voltage.
It is also possible to obtain this charge by integrating the 

datasheet curves typical capacitance vs. reverse voltage V
[29].  

The switching performance related to a MOS
discussed in  [2]. 

III. ANALYSIS OF THE ISOLATED CONVERTER

The well-known topology of the full
shown in Fig. 3: a DC voltage supplies the full
inverter on the primary side of the transformer, 
channel MOSFETs T1-T2-T
transformer guarantees electrical isolation; a conventional 
four-diode rectifier on the secondary side of the transformer 
powers the DC load. 

The DC-DC converter behaviour has been investigated 
via simulation, comparing the results a
of SiC devices and use of Si devices. The circuit uses both 
SiC and Si power devices in order to transfer power from the 
supply voltage to the output load.

 

Moreover, it’s worth remembering that one of the most 
elements of a MOSFET producing switching 

diode, which is traversed by current 
reverse recovery time. This interval time is 

 
Definition of reverse recovery time [28] 

in fact, both for diodes and 
, this charge, called reversed recovery 

 

Id(t)dt 
    

(10) 
 

urn-off power losses are [28]: 

න d(t)∙Id(t)dt 
 

(11) 
 

(t) is the diode reverse voltage. 
It is also possible to obtain this charge by integrating the 

typical capacitance vs. reverse voltage VR 

ormance related to a MOSFET is 

ISOLATED CONVERTER 

topology of the full-bridge converter is 
: a DC voltage supplies the full-bridge 

on the primary side of the transformer, made of n-
T3-T4; the high-frequency 

transformer guarantees electrical isolation; a conventional 
diode rectifier on the secondary side of the transformer 

DC converter behaviour has been investigated 
via simulation, comparing the results among two cases: use 
of SiC devices and use of Si devices. The circuit uses both 
SiC and Si power devices in order to transfer power from the 
supply voltage to the output load. 



Fig. 3. Topology of the full-bridge converter 

All the switching semiconductor devices have been 
accurately modeled in order to perform 
simulations. 

Since the supply voltage may fluctuate, in order to 
provide to the MOSFETs a voltage as stable as possible, 
electrolytic capacitor is used.  

The transformer parameters are summarized

 

TABLE I.  TRANSFORMER PARAMETER

Parameter 

Primary winding resistance 

Secondary winding resistance 

Leakage primary inductance 

Leakage secondary inductance 

Magnetizing inductance 

Turns-ratio 

 

A. Devices utilized 

Regarding the full-bridge inverter MOSFETs, the SiC 
and the Si models used in simulation are those of the devices 
SCTH40N120G2V7AG and IRFB4410ZPbf
Table II shows the main features of these devices

 
 

TABLE II.  SIC AND SI MOSFET

Parameter SiC 

Ciss 1230 pF 

Coss 56 pF 

Crss 15 pF 

Rds-on 75 mΩ 

Maximum Id (at 25 °C) 33 A 

Maximum Vds 1200 V 

trr (at 25°C) 10 ns 

 

In the full-bridge diode rectifier, the simulated models of 
SiC and Si are those of the devices IDD05SG60C
MUR3020WT respectively. Some features of these di
shown in Table III [31-32]. 

 

 

devices have been 
accurately modeled in order to perform PowerSIM 

fluctuate, in order to 
provide to the MOSFETs a voltage as stable as possible, an 

ummarized in Table I. 

RANSFORMER PARAMETERS 
Value 

10 mΩ 

10 mΩ 

1µH 

1µH 

100µH 

1/2 

MOSFETs, the SiC 
and the Si models used in simulation are those of the devices 

IRFB4410ZPbf respectively. 
features of these devices [17, 30].  

MOSFETS FEATURES 

Si 

4820 pF 

340 pF 

170  pF 

9 mΩ 

97 A 

100 V 

57 ns 

bridge diode rectifier, the simulated models of 
IDD05SG60C and  
of these diodes are 

 
TABLE III.  SIC

Parameter 

Maximum continuous forward current

DC blocking voltage 

trr 

Qrr 

 

B. Power modulation 

In order to compare SiC and Si performances, an 
efficiency investigation has been carried out on the proposed 
converter. Even though all simulations have been performed 
in open-loop configuration, a fixed target load power level 
has been chosen, equal to 200 W. 

To modulate the load power, the active full
primary side shall be properly controlled
modulation (PWM) control on the MOSFETs logical state 
has been selected. 

In order to control the logical state of each 
bridige MOSFET, phase-shifted PWM gate signals are u

With reference to the full-bridge converter topology, 
gate signal for T2 is the logical NOT of the gate signal for 
T1, as well as the gate signal for T
gate signal for T3, to avoid short circuit on each leg.

Fig. 4 shows the gate signals 
 

Fig. 4. Gate signals of T1, T2, T3 and T4

 

If D and 0° are respectively the duty
shift of Vg1, the other gate signals have therefore duty
and phase shift features as reported in Table 

 
TABLE IV.  GATE SIGNALS FEATURES

Gate signal Duty
Vg1 

Vg2=NOT of Vg1 
Vg3 

Vg4=NOT of Vg4 

 

Particular attention should be paid to the power 
transferred to the primary winding of the trans
particular, three different states
voltage can be defined: the high
100 V, is obtained when T1 and T
off; the lowest value, which is equal to 
when T2 and T3 are on, and T
value, which is 0, is obtained when T
and T4 are on, or vice versa. 

The interval time Δt0, in which this voltage is 0
function of the duty-cycle: the lower this last one is, the 
longer this interval time is: 

 

C AND SI DIODES FEATURES 
SiC Si 

Maximum continuous forward current 5 A 15 A 

600 V 200 V 

0 35 ns 

0 19 nC 

 

In order to compare SiC and Si performances, an 
ficiency investigation has been carried out on the proposed 

converter. Even though all simulations have been performed 
loop configuration, a fixed target load power level 

has been chosen, equal to 200 W.  
To modulate the load power, the active full-bridge on the 

primary side shall be properly controlled: a pulse width 
modulation (PWM) control on the MOSFETs logical state 

In order to control the logical state of each primary full-
shifted PWM gate signals are used.  

bridge converter topology, the 
is the logical NOT of the gate signal for 

, as well as the gate signal for T4 is the logical NOT of the 
, to avoid short circuit on each leg. 

s the gate signals Vg1, Vg2, Vg3 and Vg4. 

 
4  

 

If D and 0° are respectively the duty-cycle and the phase 
, the other gate signals have therefore duty-cycle 

and phase shift features as reported in Table IV.   
 

ATE SIGNALS FEATURES IN FULL-BRIDGE PWM 
Duty-cycle Phase Shift 

D 0° 
1-D  0° 
D  180°  

1-D  180°  

 

Particular attention should be paid to the power 
ary winding of the transformer. In 

different states for the primary winding 
the highest value, which is equal to 

and T4 are on, and T2 and T3 are 
value, which is equal to -100 V, is obtained 

are on, and T1 and T4 are off; the third 
value, which is 0, is obtained when T1 and T3 are off, and T2 

in which this voltage is 0, is 
cycle: the lower this last one is, the 



 
Δt0=(0.5-D)∙Tsw (12) 

   
 
In this way, the power transferred to the primary circuit 

of the transformer can be controlled and therefore the load 
power can be controlled too. 

The transformer secondary winding voltage supplies the 
four-diode rectifier: when it is high, the diodes D1 and D4 
are on, and D2 and D3 are off; when it’s 0, all diodes are off; 
when it’s low, D2 and D3 are on, and D1 and D4 are off. 

Finally, the output capacitor is used for providing to the 
resistive load a stable voltage. 

 

IV. SIMULATION RESULTS 

The analysis of the full-bridge circuit has been carried 
out by considering its three subsections: the full-bridge 
inverter (DC-AC), transferring power from the DC supply to 
the primary winding of the transformer; the transformer (AC-
AC); the rectifier (AC-DC), transferring power from the 
secondary winding to the load.  

The power supply, the real powers transferred to each 
winding and the load power are referenced as PE, Pt1, Pt2 and 
Pout respectively, so that three different efficiencies can be 
defined: 

 

ηinv=
Pt1

PE
 

 
(13) 

 

ηtr=
Pt2

Pt1

 
    

(14) 

 

ηrect=
Pout

Pt2

 
 

(15) 

 
The total load-supply efficiency is therefore: 
 
 

ηtot=ηinv∙ηtr∙ηrect (16) 

  

Efficiencies measures as resulting from the performed 
simulations have been carried out by maintaining the output 
power costant and by varying the switching frequency. The 
duty-cycle has been chosen in order to set the load power to 
200 W. 

The frequencies range within which efficiencies have 
been measured goes from 20 kHz to 600 kHz. 

For each section, the input power and the output power 
have  been processed; the current and voltage waveforms 
concerning primary and secondary side of the transformer 
are shown in Fig. 6.  

The circuit efficiencies measured by using silicon 
devices are shown in Fig. 6. 

The inverter efficiency ηinv is generally close to 1 in so 
far as conduction power losses, due to the 9 mΩ MOSFET 
channel resistance, are very low; with increasing frequency, 
it decreases because of switching losses. 

Instead, by using SiC devices, the efficiency curves 
shown in Fig. 7 have been obtained. 

 

Fig. 5. Primary winding and secondary winding voltage and current signals: 
the voltage waveforms are highlighted in red colour, whereas the current 
waveforms are highlighted in blue colour. 

 
 

 
Fig.6. Efficiency curves as resulting from simulation on Si-based converter. 

 
 

 
Fig. 7. Efficiency curves as resulting from simulation on SiC-based 
converter. 
 

As can be seen, because of the 75 mΩ MOSFET channel 
resistance, conduction power losses are higher than the 
silicon ones; for this reason, ηinv efficiency referred to SiC 
devices is lower than the inverter efficiency measured by 
using silicon devices; with reference to the transformer 
subsection, in both cases, ηtr is about unitary while, with 
increasing frequency, ηrect efficiency measures are higher 
than those ones obtained by using silicon devices: the trend 
of the graph is about constant, while the silicon ηrect graph is 
degressive in so far as trr and Qrr in SiC diodes are null; 
therefore, SiC diodes produce fewer switching power losses  
with respect to the silicon diodes. 

By comparing the total DC-DC efficiency curves to each 
other, the graph in Fig. 8 is obtained. 

 



 
Fig. 8. Comparison between the curves of total efficiency between Si and 
SiC case. 
 

The graphs demonstrate that, at frequencies ranging 
from 20 kHz to 400 kHz, switching power losses aren’t 
significantly high and the circuit efficiency measured by 
using silicon devices is higher than the efficiency obtained 
by using the SiC devices; therefore, SiC conduction losses 
are higher than the silicon ones; instead, with increasing 
frequency, SiC devices produce fewer losses compared to 
the silicon ones: because of their low internal capacitances 
and low reverse recovery parameters, SiC MOSFETs and 
diodes deliver very low switching power losses with respect 
to the silicon devices; therefore, SiC exploitation at high 
frequency is recommended. 

V. CONCLUSIONS 

In this paper, an investigation on the different behaviour 
of Si and SiC power MOSFETs has been carried out in 
terms power losses for a DC-DC isolated converter with 
several possible applications, such as in the automotive 
field.  In order to demonstrate the remarkable advantages of 
the SiC devices over the silicon ones for the highest 
frequencies, the converter working has been simulated by 
means of PWM control under different switching 
frequencies, up to 600 kHz. Although the selected Si 
MOSFET has  a better conduction resistance, the SiC 
devices offer better performances in terms of efficiency at 
the highest frequencies, allowing the opportunity of a 
notable mass and size reduction of the filtering networks as 
well as of the transformer. Simulation tests have been 
performed by means of PowerSIM software, after an 
accurate work of components modeling.  
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