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Abstract. This paper deals with performance of the 50 kVA three-phase converter built with switches based on SiC MOSFET and anti-parallel 
Schottky diodes. In contrast to popular IGBT converters, a negative switch current is capable of flowing through the reverse conducting tran-
sistor, which results in different distribution of power losses among the devices. Thus, equations describing the conduction power losses of the 
transistor and diode are improved and verified by means of circuit simulations in Saber. Moreover, a comparison of power losses calculated with 
the use of standard and new equations is also shown. Total power losses in three SiC MOSFET modules of a 50 kVA converter operating at 20 
kHz are up to 30% lower when reverse conduction is taken into account. This shows the importance of the discussed problem and proves that 
much better accuracy in the estimation of power losses and junction temperatures of SiC devices may be obtained with the proposed approach.
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most complex as reverse-conducting unipolar transistor shares 
the current and, in consequence, the power losses with anti-par-
allel SiC Schottky. Until now, this problem has been studied in 
terms of circuit simulations in [21] for SiC MOSFETs and, in 
a much more detailed manner, in [22] for SiC JFETs. The au-
thors of [22] provide careful analysis of the problem and show 
results of calculations of power losses verified by experiments, 
but the final equations for conduction power losses are not pro-
vided. For design engineers, these equations are essential in 
the design process of the three-phase power converters, and it 
has to be stressed that the standard equations, presented for Si 
IGBTs in late 1980s [23, 24], may result in mismatches when 
estimating power losses and, finally, junction temperatures. This 

1. Introduction

The technology of silicon carbide (SiC) power devices is facing 
a rapid development in recent years and, in consequence, the 
area of its application is continuously extending [1, 2]. New 
diodes and transistors (unipolar JFETs and MOSFETs, as well 
as bipolar BJTs), available mostly in 1200 V and 1700 V voltage 
class, can be applied in three-phase converters rated up to sev-
eral tens of kVAs [2‒12]. This field is nowadays dominated 
by well-established technology of silicon IGBTs, which show 
different properties in comparison to new SiC power devices. 
The difference is visible mainly when switching performance 
is taken into account – SiC devices are able to reach higher dv/
dt and di/dt values. This impacts switching power losses of the 
converters, but the issue of the on-state behavior and conduc-
tion power losses requires to be analysed also from another 
perspective. Particular attention is required when unipolar SiC 
transistors (JFETs and MOSFETs) are discussed, while a SiC 
bipolar transistor operates in widely applied three-phase con-
verter (Fig. 1), in the same way as an Si IGBT. The point is 
that unipolar transistors, JFETs and MOSFETs alike, display an 
ability to conduct negative currents through the channel [13]. 
This feature may be utilized in a synchronous rectification dis-
cussed in [14], or design of diode-less converters presented in 
[15] and then in [16‒20]. A three-phase converter without ex-
ternal anti-parallel diodes is a very tempting concept, i.e. due to 
the reduced operating costs of the power devices. Furthermore, 
on-state power losses can also be easily expressed, but the most 
common case is a power switch built with SiC unipolar tran-
sistor and anti-parallel SiC Schottky (Fig. 1b). The same can be 
said about literature examples [3‒12] and an offer of the man-
ufacturers providing integrated power modules [4, 10, 12, 25]. 
From the point of view of on-state power losses, this case is the 

Fig. 1. Three-phase converter (a) and possible scenarios of the power 
switch with Si and SiC devices (b)
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may be a serious problem during the design process of three-
phase converters with new SiC power devices, and especially 
crucial for converters with conduction losses dominating over 
the switching losses (i.e. rated at high power). In consequence, 
the calculated power losses and junction temperatures may be 
underestimated, which would lead to an incorrect design of the 
cooling system and possible failures of the operating power 
converters. Thus, a more detailed study of both the reverse con-
duction and the impact on power losses is definitely required.

This paper deals with this issue and provides valid equations 
describing conduction power losses of a three-phase converter 
controlled with sinusoidal modulation. The new equations are 
verified by means of circuit simulations conducted in Saber for 
specific parameters of 1200 V/100 A module. Then, differences 
between standard and new equations are also shown on the ex-
ample of the 50 kVA converter to further stress the importance 
of the discussed problems.

2. Power switch based on a SiC unipolar transistor 
and a Schottky diode in three-phase converter

An analysis of the power switch built with SiC unipolar tran-
sistor and anti-parallel Schottky diode can be started with the 
I–V characteristic presented in Fig. 2a. Assuming that the gate-
source voltage of the transistor is constant and higher than the 
threshold value, a unipolar transistor behaves like a resistor 

with a linear characteristic (marked with a dashed red line in 
Fig. 2a). At the same time, the SiC Schottky diode characteristic 
may also be linearized (dashed green line). The characteristic 
of the switch (solid blue line) is composed on the base of the 
transistor and diode characteristics. The three specific parts can 
be identified in Fig. 2a. At first, for positive switch current iS, 
the dependence between the switch voltage and current is as-
sociated to the on-state resistance (rON), as only the unipolar 
transistor is conducting – this part is marked as I. When the 
current of the switch becomes negative with the voltage drop 
across the transistor being lower than the threshold voltage of 
the anti-parallel SiC Schottky VTO, part II of the characteristic 
remains linear, as the diode is in the off-state. Finally, when 
the voltage drop across the transistor is higher than VTO, both 
devices conduct, and part III of the characteristic is observed 
with the slope 1/rD’ caused by the parallel connection of the on-
state resistance rON and the dynamic resistance of the Schottky 
rD. An equivalent of the circuit of the switch in this part of the 
characteristic is presented in Fig. 2b.

When the discussed switch is employed in a three-phase 
converter, the aforementioned parts of the I–V characteris-
tics from Fig. 2a are directly transferred into three different 
operation phases. This issue is illustrated with the results of 
a Saber simulation (Fig. 3a), where the switch, transistor and 
diode currents can be noticed for a duration of a single period 
of the phase current. The converter operating conditions are 
as follows: DC voltage of 700 V, output power SN = 50 kVA, 
power factor close to unity, switching frequency fS = 4 kHz, 
modulation index m = 1, dead-time set to zero for better visual 
clarity. All six switches of the converter in Fig. 1a are simu-
lated with the use of ideal switch and diode models. Waveforms 
presented in Fig. 3a show the behavior of the switch S4. For 
reference, the exact same waveforms are presented in Fig. 3b 
for the same switch of the IGBT converter operating under 
similar conditions.

According to waveforms presented in Fig. 3, the switch 
current i is positive and flows through the transistor (Fig. 3a) 
in exactly the same manner as in the case of IGBT (Fig. 3b) 
during half of the period (related to angle π). This area is de-
noted as phase I, in reference to part I of I-V characteristic 
(Fig. 2a). Then, in phase II, the scenario observed in Fig. 3a is 
different than in Fig. 3b: the switch current is negative and still 
flows through the reverse-conducting transistor. The voltage 
drop across the switch is lower than threshold voltage of the 
SiC Schottky VTO and the diode current remains at zero. Two 
symmetrical periods, described by angle δ, can be defined in 
Fig. 3a, where δ is expressed by:
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fundamental period (angle π-2δ). Again, the situation is 
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where Σr= rON + rD.  

This means that the actual value of the current in the 
transistor and diode in phase III depends on the phase 
current but also on the temperature-related parameters of 
the devices. All three values are changing during converter 
operation and, therefore, distribution of the currents among 
the devices is expected to also be variable. 

3. Improved equations describing conduction 
power losses in three-phase converter 

Current waveforms of the transistor and diode shown in 
Fig.3a and Fig.3b are different, which leads to the 
conclusion that the equations describing conduction power 
losses in IGBT and forward diode proposed in 1980's 
[23],[24] do not fit to the case of a switch built with SiC 
FET and Schottky. These standard equations were 
determined under the assumption that the positive current 
flows through IGBT and the negative one through the 
diode. For common sinusoidal modulation, power losses 
caused in the transistor and diode are expressed as [23], 
[24]: 
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Fig. 3 Three-phase converter operating at 50 kVA and 4 kHz. From the 
top current of the switch S4 (iS), transistor T4 (iT) and diode D4 (iD) while 
S4 is simulated as switch built with diode and (a) unipolar (b) bipolar 
transistor. 
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According to Fig.3a, in case of the discussed switch with 
SiC unipolar transistor and Schottky diode, conduction 
power losses of the transistor PCT will occur in all three 
phases: 

 (1)

Thus, the duration of phase II depends on the peak phase current 
IM and static parameters of the diode and the transistor. Note 
that for transistors with very low on-state resistance, or for 
modules with a number of parallel-connected transistor chips, 
it is highly possible to witness a scenario where δ = π/2. But in 
most cases, when the phase current increases and the transistor 

Fig. 2. The I–V characteristics of the switch built with unipolar 
transistor and Schottky diode (a) and equivalent circuit of this switch 

in part III (b)
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voltage becomes higher than VTO, the diode starts conducting 
(see part III of I-V characteristics in Fig. 2a), and phase III 
is observed for the remaining part of the fundamental period 
(angle π-2δ). Again, the situation is different than in the IGBT 
case, as the switch current is distributed among two conducting 
devices. The switch in phase III may be described by the circuit 
shown in Fig. 2b and it can be found that:
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Fig. 3 Three-phase converter operating at 50 kVA and 4 kHz. From the 
top current of the switch S4 (iS), transistor T4 (iT) and diode D4 (iD) while 
S4 is simulated as switch built with diode and (a) unipolar (b) bipolar 
transistor. 
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According to Fig.3a, in case of the discussed switch with 
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power losses of the transistor PCT will occur in all three 
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Fig. 3 Three-phase converter operating at 50 kVA and 4 kHz. From the 
top current of the switch S4 (iS), transistor T4 (iT) and diode D4 (iD) while 
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According to Fig.3a, in case of the discussed switch with 
SiC unipolar transistor and Schottky diode, conduction 
power losses of the transistor PCT will occur in all three 
phases: 

 (3)

where Σr = rON + rD. 
This means that the actual value of the current in the tran-

sistor and diode in phase III depends not only on the phase 
current, but also on the temperature-related parameters of the 
devices. All three of the values are changing during converter 
operation, and therefore, the distribution of currents among the 
devices is expected to also be variable.

3. Improved equations describing conduction 
power losses in three-phase converter

Current waveforms of the transistor and diode shown in Fig. 3a 
and Fig. 3b are different, which leads to the conclusion that the 
equations describing conduction power losses in IGBT and for-
ward diode, proposed in 1980’s [23, 24], do not fit the case of 
a switch built with SiC FET and Schottky. These standard equa-

tions were determined under the assumption that the positive 
current flows through the IGBT, and the negative one through 
the diode. For a common sinusoidal modulation, power losses 
caused in the transistor and diode are expressed as [23, 24]:
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Fig. 3 Three-phase converter operating at 50 kVA and 4 kHz. From the 
top current of the switch S4 (iS), transistor T4 (iT) and diode D4 (iD) while 
S4 is simulated as switch built with diode and (a) unipolar (b) bipolar 
transistor. 







 











2
0

2

0_

3
1

8
cos

42
1

mD
m

T

m
D

m
TDC

IrIVm

IrIVP





  (5) 

According to Fig.3a, in case of the discussed switch with 
SiC unipolar transistor and Schottky diode, conduction 
power losses of the transistor PCT will occur in all three 
phases: 

 (4)

3 

described by angle δ, can be defined in Fig.3a, where δ is 
expressed by: 

MON

T

Ir
V 0arcsin   (1) 

Thus, the duration of phase II depends on the peak phase 
current IM and static parameters of the diode and transistor. 
Note, that for transistors with very low on-state resistance, 
or modules with a number of parallel-connected transistors 
chips, it is very possible to see scenario where δ=π/2. But 
in most cases, when the phase current increases and the 
transistor voltage becomes higher than VTO, the diode starts 
conducting (see part III of I-V characteristics in Fig.2a) and 
phase III is observed for the remaining part of the 
fundamental period (angle π-2δ). Again, the situation is 
different than in the IGBT case as the switch current is 
distributed among two conducting devices. The switch in 
phase III may be described by the circuit shown in Fig. 2b 
and it is possible to find that: 

r
V

i
r

ri TO
S

D
T 




  (2) 

r
V

i
r

r
i TO

S
ON

D 



  (3) 

where Σr= rON + rD.  

This means that the actual value of the current in the 
transistor and diode in phase III depends on the phase 
current but also on the temperature-related parameters of 
the devices. All three values are changing during converter 
operation and, therefore, distribution of the currents among 
the devices is expected to also be variable. 

3. Improved equations describing conduction 
power losses in three-phase converter 

Current waveforms of the transistor and diode shown in 
Fig.3a and Fig.3b are different, which leads to the 
conclusion that the equations describing conduction power 
losses in IGBT and forward diode proposed in 1980's 
[23],[24] do not fit to the case of a switch built with SiC 
FET and Schottky. These standard equations were 
determined under the assumption that the positive current 
flows through IGBT and the negative one through the 
diode. For common sinusoidal modulation, power losses 
caused in the transistor and diode are expressed as [23], 
[24]: 







 











2
0

2

0_

3
1

8
cos

42
1

mT
m

CE

m
T

m
CEIGBTC

IrIVm

IrIVP





  (4) 

  
(a) 

 
(b) 

Fig. 3 Three-phase converter operating at 50 kVA and 4 kHz. From the 
top current of the switch S4 (iS), transistor T4 (iT) and diode D4 (iD) while 
S4 is simulated as switch built with diode and (a) unipolar (b) bipolar 
transistor. 







 











2
0

2

0_

3
1

8
cos

42
1

mD
m

T

m
D

m
TDC

IrIVm

IrIVP





  (5) 

According to Fig.3a, in case of the discussed switch with 
SiC unipolar transistor and Schottky diode, conduction 
power losses of the transistor PCT will occur in all three 
phases: 

3 

described by angle δ, can be defined in Fig.3a, where δ is 
expressed by: 

MON

T

Ir
V 0arcsin   (1) 

Thus, the duration of phase II depends on the peak phase 
current IM and static parameters of the diode and transistor. 
Note, that for transistors with very low on-state resistance, 
or modules with a number of parallel-connected transistors 
chips, it is very possible to see scenario where δ=π/2. But 
in most cases, when the phase current increases and the 
transistor voltage becomes higher than VTO, the diode starts 
conducting (see part III of I-V characteristics in Fig.2a) and 
phase III is observed for the remaining part of the 
fundamental period (angle π-2δ). Again, the situation is 
different than in the IGBT case as the switch current is 
distributed among two conducting devices. The switch in 
phase III may be described by the circuit shown in Fig. 2b 
and it is possible to find that: 

r
V

i
r

ri TO
S

D
T 




  (2) 

r
V

i
r

r
i TO

S
ON

D 



  (3) 

where Σr= rON + rD.  

This means that the actual value of the current in the 
transistor and diode in phase III depends on the phase 
current but also on the temperature-related parameters of 
the devices. All three values are changing during converter 
operation and, therefore, distribution of the currents among 
the devices is expected to also be variable. 

3. Improved equations describing conduction 
power losses in three-phase converter 

Current waveforms of the transistor and diode shown in 
Fig.3a and Fig.3b are different, which leads to the 
conclusion that the equations describing conduction power 
losses in IGBT and forward diode proposed in 1980's 
[23],[24] do not fit to the case of a switch built with SiC 
FET and Schottky. These standard equations were 
determined under the assumption that the positive current 
flows through IGBT and the negative one through the 
diode. For common sinusoidal modulation, power losses 
caused in the transistor and diode are expressed as [23], 
[24]: 







 











2
0

2

0_

3
1

8
cos

42
1

mT
m

CE

m
T

m
CEIGBTC

IrIVm

IrIVP





  (4) 

  
(a) 

 
(b) 

Fig. 3 Three-phase converter operating at 50 kVA and 4 kHz. From the 
top current of the switch S4 (iS), transistor T4 (iT) and diode D4 (iD) while 
S4 is simulated as switch built with diode and (a) unipolar (b) bipolar 
transistor. 







 











2
0

2

0_

3
1

8
cos

42
1

mD
m

T

m
D

m
TDC

IrIVm

IrIVP





  (5) 

According to Fig.3a, in case of the discussed switch with 
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According to Fig. 3a, in the case of the discussed switch with 
a SiC unipolar transistor and Schottky diode, conduction power 
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but from the characteristic shown in Fig.2a and current 
waveforms in Fig.3a it is clear that equation is different in 
each phase. From the same figures it can be seen that the 
diode dissipates conduction power losses only during phase 
III: 
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CDCD PP   (7) 

The behavior and waveforms of SiC unipolar transistor and 
IGBT during phase I are exactly the same. Thus a 
simplified equation (4) may be applied to express the 
conduction power losses in the transistor: 
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 For phase II the transistor power losses occurs during two 
time periods (angle δ, see Fig. 3a), which leads to an 
equation: 
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Note, that for special case δ=π/2 (when diode is not 
conducting) equation (9) becomes equal to (5) simplified 
after assumption that VT0=0 and rON=rD. This confirms that 
(9) is valid. 

Definitely, the most complex scenario is observed in phase 
III as both devices shares the current and, in result, the 
conduction power losses. Assuming resistive behavior of 

the transistor and linearized characteristic of the diode 
(Fig.2b) it is possible to determine an equations (10) and 
(11). Again, both equations may be verified for the special 
case δ=π/2 when phase III does not occur. The conduction 
power losses calculated from (10) and (11) for δ=π/2 are 
equal to zero which confirms that all three equations are 
correct. 

4. Circuit simulations in Saber  

 In this section all equations describing the conduction 
power losses of the switch built with SiC FETs and 
Schottky diodes are verified by comparison of numerical 
calculations performed in Matlab and measurements 
conducted in Saber circuit simulator. Parameters of three-
phase converter are the same as in Section II (VDC=700 V, 
S=50 kVA, M=1), only the power factor that is changing 
between -1 and 1. Moreover, the parameters of the real 
module (1200V/100A SiC MOSFET and Schottky [25]) 
were applied. At first, the thermal characteristics of the SiC 
MOSFET and SiC diode were developed on the base of 
module datasheet [25] and the parameters of devices were 
determined (rON=16.5 mΩ for TJT=72°C and VTO=0.859V, 
rD=12.2 mΩ for TJD=59°C). Then, the conduction power 
losses of the single transistor and diode were calculated 
using Matlab and (8)-(11) - see results in Table I. In the 
next step, the aforementioned devices parameters were 
introduced into the circuit in Saber and power losses of the 
diode and transistor were measured for the same 
conditions, all results are shown in Table I. The observed 
differences suggest that the circuit simulation results 
confirm the calculations performed on the base of new 
equations – differences are not higher than 3.5% and 
decreases as the measured values increase. For the analyzed 
50 kVA converter example, the component PCT

II shows 
very low values (below 1.75 W for all cases) and, therefore, 
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But from the characteristic shown in Fig. 2a and current wave-
forms in Fig. 3a, it is clear that the equation is different for 
each phase. From the same figures, it can be seen that the diode 
dissipates conduction power losses only during phase III:
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Note, that for special case δ=π/2 (when diode is not 
conducting) equation (9) becomes equal to (5) simplified 
after assumption that VT0=0 and rON=rD. This confirms that 
(9) is valid. 

Definitely, the most complex scenario is observed in phase 
III as both devices shares the current and, in result, the 
conduction power losses. Assuming resistive behavior of 

the transistor and linearized characteristic of the diode 
(Fig.2b) it is possible to determine an equations (10) and 
(11). Again, both equations may be verified for the special 
case δ=π/2 when phase III does not occur. The conduction 
power losses calculated from (10) and (11) for δ=π/2 are 
equal to zero which confirms that all three equations are 
correct. 
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 In this section all equations describing the conduction 
power losses of the switch built with SiC FETs and 
Schottky diodes are verified by comparison of numerical 
calculations performed in Matlab and measurements 
conducted in Saber circuit simulator. Parameters of three-
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S=50 kVA, M=1), only the power factor that is changing 
between -1 and 1. Moreover, the parameters of the real 
module (1200V/100A SiC MOSFET and Schottky [25]) 
were applied. At first, the thermal characteristics of the SiC 
MOSFET and SiC diode were developed on the base of 
module datasheet [25] and the parameters of devices were 
determined (rON=16.5 mΩ for TJT=72°C and VTO=0.859V, 
rD=12.2 mΩ for TJD=59°C). Then, the conduction power 
losses of the single transistor and diode were calculated 
using Matlab and (8)-(11) - see results in Table I. In the 
next step, the aforementioned devices parameters were 
introduced into the circuit in Saber and power losses of the 
diode and transistor were measured for the same 
conditions, all results are shown in Table I. The observed 
differences suggest that the circuit simulation results 
confirm the calculations performed on the base of new 
equations – differences are not higher than 3.5% and 
decreases as the measured values increase. For the analyzed 
50 kVA converter example, the component PCT
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The behavior and waveforms of the SiC unipolar transistor and 
IGBT during phase I are exactly the same. Thus, a simplified 

Fig. 3. Three-phase converter operating at 50 kVA and 4 kHz. From the top: current of the switch S4 (iS), transistor T4 (iT) and diode D4 (iD), 
while S4 is simulated as a switch built with a diode and (a) unipolar (b) bipolar transistor

(b)(a)
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equation (4) may be applied to express the conduction power 
losses in the transistor:
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Note, that for special case δ=π/2 (when diode is not 
conducting) equation (9) becomes equal to (5) simplified 
after assumption that VT0=0 and rON=rD. This confirms that 
(9) is valid. 
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III as both devices shares the current and, in result, the 
conduction power losses. Assuming resistive behavior of 

the transistor and linearized characteristic of the diode 
(Fig.2b) it is possible to determine an equations (10) and 
(11). Again, both equations may be verified for the special 
case δ=π/2 when phase III does not occur. The conduction 
power losses calculated from (10) and (11) for δ=π/2 are 
equal to zero which confirms that all three equations are 
correct. 
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calculations performed in Matlab and measurements 
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S=50 kVA, M=1), only the power factor that is changing 
between -1 and 1. Moreover, the parameters of the real 
module (1200V/100A SiC MOSFET and Schottky [25]) 
were applied. At first, the thermal characteristics of the SiC 
MOSFET and SiC diode were developed on the base of 
module datasheet [25] and the parameters of devices were 
determined (rON=16.5 mΩ for TJT=72°C and VTO=0.859V, 
rD=12.2 mΩ for TJD=59°C). Then, the conduction power 
losses of the single transistor and diode were calculated 
using Matlab and (8)-(11) - see results in Table I. In the 
next step, the aforementioned devices parameters were 
introduced into the circuit in Saber and power losses of the 
diode and transistor were measured for the same 
conditions, all results are shown in Table I. The observed 
differences suggest that the circuit simulation results 
confirm the calculations performed on the base of new 
equations – differences are not higher than 3.5% and 
decreases as the measured values increase. For the analyzed 
50 kVA converter example, the component PCT
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For phase II the transistor power losses occur during two time 
periods (angle δ, see Fig. 3a), which leads to an equation:
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Note, that for special case δ=π/2 (when diode is not 
conducting) equation (9) becomes equal to (5) simplified 
after assumption that VT0=0 and rON=rD. This confirms that 
(9) is valid. 

Definitely, the most complex scenario is observed in phase 
III as both devices shares the current and, in result, the 
conduction power losses. Assuming resistive behavior of 

the transistor and linearized characteristic of the diode 
(Fig.2b) it is possible to determine an equations (10) and 
(11). Again, both equations may be verified for the special 
case δ=π/2 when phase III does not occur. The conduction 
power losses calculated from (10) and (11) for δ=π/2 are 
equal to zero which confirms that all three equations are 
correct. 

4. Circuit simulations in Saber  

 In this section all equations describing the conduction 
power losses of the switch built with SiC FETs and 
Schottky diodes are verified by comparison of numerical 
calculations performed in Matlab and measurements 
conducted in Saber circuit simulator. Parameters of three-
phase converter are the same as in Section II (VDC=700 V, 
S=50 kVA, M=1), only the power factor that is changing 
between -1 and 1. Moreover, the parameters of the real 
module (1200V/100A SiC MOSFET and Schottky [25]) 
were applied. At first, the thermal characteristics of the SiC 
MOSFET and SiC diode were developed on the base of 
module datasheet [25] and the parameters of devices were 
determined (rON=16.5 mΩ for TJT=72°C and VTO=0.859V, 
rD=12.2 mΩ for TJD=59°C). Then, the conduction power 
losses of the single transistor and diode were calculated 
using Matlab and (8)-(11) - see results in Table I. In the 
next step, the aforementioned devices parameters were 
introduced into the circuit in Saber and power losses of the 
diode and transistor were measured for the same 
conditions, all results are shown in Table I. The observed 
differences suggest that the circuit simulation results 
confirm the calculations performed on the base of new 
equations – differences are not higher than 3.5% and 
decreases as the measured values increase. For the analyzed 
50 kVA converter example, the component PCT

II shows 
very low values (below 1.75 W for all cases) and, therefore, 
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Note that for a special case δ = π/2 (when diode is not con-
ducting), Eq. (9) becomes equal to (5), simplified after assump-
tion that VT0 = 0 and rON = rD. This confirms that (9) is valid.
Definitely the most complex scenario is the one observed in 
phase III, as both devices share the current and, in result, the 
conduction power losses. Assuming resistive behavior of the 
transistor and linearized characteristic of the diode (Fig. 2b) it 
is possible to determine an equations (10) and (11). Again, both 
equations may be verified for the special case δ = π/2 when 

phase III does not occur. The conduction power losses calcu-
lated from (10) and (11) for δ = π/2 are equal to zero which 
confirms that all three equations are correct.

4. Circuit simulations in Saber

In this section, all equations describing the conduction power 
losses of the switch built with SiC MOSFETs and Schottky 
diodes are verified by comparing numerical calculations per-
formed in Matlab to measurements conducted in Saber circuit 
simulator. The parameters of a three-phase converter are the 
same as in Section II (VDC = 700 V, S = 50 kVA, m = 1), with 
only the power factor fluctuating within the range of –1 to 1. 
Moreover, the parameters of the real module (1200 V/100 A SiC 
MOSFET and Schottky [25]) were applied. At first, the thermal 
characteristics of the SiC MOSFET and SiC diode were devel-
oped based on the module datasheet [25] and the parameters of 
the devices were determined (rON = 16.5 mΩ for TJT = 72°C 
and VTO = 0.859V, rD = 12.2 mΩ for TJD = 59°C). Then, the 
conduction power losses of a single transistor and diode were 
calculated using Matlab and (8–11) – see results in Table 1. In 
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Note, that for special case δ=π/2 (when diode is not 
conducting) equation (9) becomes equal to (5) simplified 
after assumption that VT0=0 and rON=rD. This confirms that 
(9) is valid. 

Definitely, the most complex scenario is observed in phase 
III as both devices shares the current and, in result, the 
conduction power losses. Assuming resistive behavior of 

the transistor and linearized characteristic of the diode 
(Fig.2b) it is possible to determine an equations (10) and 
(11). Again, both equations may be verified for the special 
case δ=π/2 when phase III does not occur. The conduction 
power losses calculated from (10) and (11) for δ=π/2 are 
equal to zero which confirms that all three equations are 
correct. 

4. Circuit simulations in Saber  

 In this section all equations describing the conduction 
power losses of the switch built with SiC FETs and 
Schottky diodes are verified by comparison of numerical 
calculations performed in Matlab and measurements 
conducted in Saber circuit simulator. Parameters of three-
phase converter are the same as in Section II (VDC=700 V, 
S=50 kVA, M=1), only the power factor that is changing 
between -1 and 1. Moreover, the parameters of the real 
module (1200V/100A SiC MOSFET and Schottky [25]) 
were applied. At first, the thermal characteristics of the SiC 
MOSFET and SiC diode were developed on the base of 
module datasheet [25] and the parameters of devices were 
determined (rON=16.5 mΩ for TJT=72°C and VTO=0.859V, 
rD=12.2 mΩ for TJD=59°C). Then, the conduction power 
losses of the single transistor and diode were calculated 
using Matlab and (8)-(11) - see results in Table I. In the 
next step, the aforementioned devices parameters were 
introduced into the circuit in Saber and power losses of the 
diode and transistor were measured for the same 
conditions, all results are shown in Table I. The observed 
differences suggest that the circuit simulation results 
confirm the calculations performed on the base of new 
equations – differences are not higher than 3.5% and 
decreases as the measured values increase. For the analyzed 
50 kVA converter example, the component PCT

II shows 
very low values (below 1.75 W for all cases) and, therefore, 
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Note, that for special case δ=π/2 (when diode is not 
conducting) equation (9) becomes equal to (5) simplified 
after assumption that VT0=0 and rON=rD. This confirms that 
(9) is valid. 

Definitely, the most complex scenario is observed in phase 
III as both devices shares the current and, in result, the 
conduction power losses. Assuming resistive behavior of 

the transistor and linearized characteristic of the diode 
(Fig.2b) it is possible to determine an equations (10) and 
(11). Again, both equations may be verified for the special 
case δ=π/2 when phase III does not occur. The conduction 
power losses calculated from (10) and (11) for δ=π/2 are 
equal to zero which confirms that all three equations are 
correct. 
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Schottky diodes are verified by comparison of numerical 
calculations performed in Matlab and measurements 
conducted in Saber circuit simulator. Parameters of three-
phase converter are the same as in Section II (VDC=700 V, 
S=50 kVA, M=1), only the power factor that is changing 
between -1 and 1. Moreover, the parameters of the real 
module (1200V/100A SiC MOSFET and Schottky [25]) 
were applied. At first, the thermal characteristics of the SiC 
MOSFET and SiC diode were developed on the base of 
module datasheet [25] and the parameters of devices were 
determined (rON=16.5 mΩ for TJT=72°C and VTO=0.859V, 
rD=12.2 mΩ for TJD=59°C). Then, the conduction power 
losses of the single transistor and diode were calculated 
using Matlab and (8)-(11) - see results in Table I. In the 
next step, the aforementioned devices parameters were 
introduced into the circuit in Saber and power losses of the 
diode and transistor were measured for the same 
conditions, all results are shown in Table I. The observed 
differences suggest that the circuit simulation results 
confirm the calculations performed on the base of new 
equations – differences are not higher than 3.5% and 
decreases as the measured values increase. For the analyzed 
50 kVA converter example, the component PCT

II shows 
very low values (below 1.75 W for all cases) and, therefore, 
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Table 1 
Results of calculations and simulations for a 50 kVA converter (m = 1, VDC = 700 V, rON = 16.5 mΩ, VTO = 0.859 V, rD = 12.2 mΩ),  

all values per transistor or diode

Calculations in Matlab [W] Measurements in Saber [W] Error [%]

cosφ PCT PCT
I PCT

II PCT
III PCD PCT PCT

I PCT
II PCT

III PCD PCT
I PCT

II PCT
III PCD

–1.5 27,4 3,28 1,81 22,30 6,90 27,2 03,25 1,75 22,20 6,70 0,8 3,5 0,6 2,1

–0.5 31,2 12,5 1,57 17,20 5,19 31,2 12,4 1,52 17,10 5,11 1,2 3,2 0,2 1,7

–0.5 35,0 21,7 1,31 12,00 3,57 35,2 22,2 1,36 11,90 3,51 1,3 3,4 1 1,7

–0.5 38,8 30,9 1,06 06,86 1,95 38,5 30,6 1,08 06,90 1,92 1,2 1,6 0,6 1,5

–1.5 42,6 40,1 0,81 01,71 0,34 42,2 39,7 0,79 01,74 0,35 0,9 2,4 1,9 3,2



911Bull.  Pol.  Ac.:  Tech.  64(4)  2016

A study on power losses of the 50 kVA SiC converter including reverse conduction phenomenon

the next step, the parameters of the aforementioned devices 
were introduced into the circuit in Saber, and power losses of 
the diode and transistor were measured for the same conditions 
– all results are shown in Table 1. The observed differences 
suggest that the circuit simulation results confirm the calcu-
lations performed with the use of the new equations – differ-
ences are not higher than 3.5% and decrease as the measured 
values increase. For the analyzed 50 kVA converter example, 
the component PCT

II shows very low values (below 1.75 W in 
all of the cases) and therefore, the obtained difference is the 
highest, but still on an acceptable level. On the other hand, the 
component PCT

I changes from 3.25 to 40.1 W, with the variation 
of power factor, and the difference between calculations and 
measurement remaining below 1% in most cases. This implies 
that minor differences are caused by errors introduced during 
measurements in Saber, or impact of current ripples in simu-
lated circuit, rather than by mistakes in the proposed equations. 
All in all, the presented comparison confirms that equations 
(8‒11) are valid.

5. Impact of the reverse conduction  
on power losses distribution

This section shows how the reverse conduction influences 
power losses and junction temperatures of the power devices 
on the example of the three-phase 50 kVA converter. The 
power losses and junction temperatures were determined by 
means of combined electro-thermal calculations (Fig. 4). 
It is well known that some electrical parameters of the 
modules are influenced by the junction temperature, and it 

is necessary to perform calculations in both the electrical 
and thermal domains. The procedure applied in Matlab starts 
when junction temperature equals the ambient temperature 
(here 25°C), which serves as a base to finding actual values 
of the thermal-dependent parameters (on-state resistances, 
voltages, switching energies etc., marked as x = f(Tj) in 
Fig. 4). At this point, it requires a certain amount of effort 
to find and linearize suitable parameters from the power 
module datasheet [25]. These parameters, together with the 
input values (nominal power, DC-link voltage, switching 
frequency, power factor etc.) are then applied to determine 
the conduction and switching losses in diodes and transis-
tors. Note that all obtained values are averaged over a single 
fundamental period of the phase current. In the next step, 
the heatsink, case and junction temperatures are calculated 
using thermal resistances of the power modules and the heat-
sink. The whole procedure is repeated until the analyzed 
system (the converter with heatsink) reaches a computational 
steady-state (when the changes of the junction temperature 
between iterations get lower than 0.5°C). It is believed that 
the obtained results reflect the behavior of a real circuit, but 
it has to be underlined once again, that all power loss and 
temperature values are averaged over a fundamental period 
of the phase current. The conduction and switching power 
losses, as well as junction temperatures of diodes and tran-
sistors were calculated on the grounds of electro-thermal 
characteristics of the 1200 V/100 A SiC MOSFET module 
[25] (by defining changes of parameters dependent on junc-
tion temperatures rON, VTO, rD, but also switching energies of 
transistors EON, EOFF) and thermal resistances. Power factors 
(cosφ) and thermal resistance of a common heat-sink (RTH) 
were varying, while the modulation index, input voltage and 
switching frequency were constant (m = 1, VDC = 700 V and 
fS = 20 kHz).

At first, the standard equations (4, 5) were applied under 
the assumption that the transistors are turned-off during the 
negative currents and reverse conduction does not occur. 
Then, exactly the same electro-thermal calculations were 
repeated, but with the new equations (8‒11) including reverse 
conduction of the transistors. Finally, the obtained differences 
between the conduction power losses using standard and new 
equations were plotted versus the displacement power factor 
(cosφ) and thermal resistance of the common heatsink (RTHS) 
– see Figs. 5 and 6. All results are related to the nominal power 
of the converter (50 kVA), and the presented differences are 
expressed as percentage. Note that figures show influence of 
the reverse conduction on the distribution of power losses. 
After an analysis of the calculations visible in Fig. 5, it is 
clear that the conduction power losses increase in the tran-
sistor (0.03 to 0.3% of SN) and decrease in the diode (0.06 
to 0.68% of SN) when the reverse conduction phenomenon 
is taken into account. This observation is in agreement with 
presented above analysis and the waveforms observed in 
Fig. 3. Moreover, this effect is more visible for the negative 
values of the displacement power factor (cosφ) than for the 
positive values, as for the negative ones, the amount of the 
reverse current is much higher.

Fig. 4. Idea of the electro-thermal calculations of the power losses and 
junction temperatures
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Fig. 5. Calculated deviation of the conduction power losses due to reverse conduction in reference to converter nominal power: increase in 
transistors (a) and decrease in diodes (b) (20 kHz/50 kVA three-phase converter with three 1200 V/100 A SiC MOSFET modules)

For the analyzed 50 kVA converter, the total conduction 
losses are reduced over the whole operation range kVA, as can 
be seen in Fig. 6. This means that the difference between the 
diode conduction power losses expressed by standard (5) and 
new equation (11) is more significant than additional transistor 
losses, defined as the components PCT

II and PCT
III by equations 

(9) and (10). Again, the difference of the conduction power 
losses is most significant for negative values of displace-
ment power factor (cosφ), and is rising together with a rising 
thermal resistance of the common heatsink. The absolute dif-
ference of the calculated conduction power loss is between 
14W (cosφ = 1, RTHS = 0.01K/W) and 190 W (cosφ = –1, 

(a) (b)

Fig. 6. Calculated decrease of the power losses due to reverse conduction in reference to converter nominal power (20 kHz/50 kVA three-phase 
converter with three 1200 V/100 A SiC MOSFET modules)

RTHS = 0.2 K/W) in all three modules of the 50 kVA three-
phase converter. This refers to a decrease of the total power 
losses (including switching at fS = 20kHz) between 4 and 30%, 
which is a noticeable value. Thus, a possible overestimation of 
the power calculations may be almost one third when standard 
equations are applied.

Different values of power losses lead to different junction 
temperatures of the devices obtained during electro-thermal 
calculations. The estimated diode junction temperature is se-
riously reduced (by 2 to 60°C) when reverse conduction is 
taken into account, as is illustrated in Fig. 7. In addition to 
this, the transistor junction temperature also decreases almost 



913Bull.  Pol.  Ac.:  Tech.  64(4)  2016

A study on power losses of the 50 kVA SiC converter including reverse conduction phenomenon

for the whole analyzed area, in spite of the increase in the 
transistor conduction power loss. The reason is that for the 
considered model, the increase of the transistor temperature 
is lower than the corresponding decrease of the case tem-
perature caused by the reduced total power losses. All in all, 
the steady-state operating point of the converter is different 
when reverse conduction is taken into consideration, espe-
cially for negative power factor and high thermal resistance 
of the common heatsink.

6. Summary

This paper has presented the impact of the reverse conduction 
on power losses distribution in 50 kVA three-phase converter 
built with SiC MOSFETs and Schottky diodes. As the transis-
tors can conduct reverse currents, a part of the current, and in 
consequence, the power loss is moved from the diode towards 
the transistor. New, improved equations describing conduction 
losses for sinusoidal pulse width modulation have been pre-
sented and verified by means of the Saber circuit simulations. 
A very good correspondence of the results of the calculations 
and the simulations has been shown, with error below 3.5%. 
The novel equations were also applied into electro-thermal sim-
ulations in Matlab in order to illustrate the impact of reverse 
conduction on the performance of the three-phase converter. It 
was found that the decrease of the diode loss is more signifi-
cant than the corresponding increase of the transistor loss. In 
consequence, the total losses are lower by up to 190 W for the 
50 kVA converter operating at 20 kHz, which indicates a reduc-
tion by 30%. Finally, it has been also shown that the junction 
temperatures are also different when reverse conduction is taken 
into account. Thus, the discussed problem is noticeable, and all 
issues presented in this paper may help in the design process of 

three-phase converters with SiC power devices as more accurate 
estimations of the power losses and junction temperatures can 
be performed.
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