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Abstract
With the newest 3.3 kV discrete SiC MOSFET being released, Current Source Inverters (CSI) are able to
be adapted to 1.5 kVOC PV strings and substitute actual voltage source-based conversion systems. In
order to characterize the switching performances of these new devices, a Double-Pulse Test (DPT) circuit
has been developed. The tested switching cell is based on 3.3 kV / 120 mΩ TO-263-7 discrete MOSFETs
using synchronous rectification mode. This configuration implies some challenges and introduces extra
body diode reverse recovery losses. This paper discusses the main choices, methods, issues and results
concerning the switching event for future CSI using 3.3 kV SiC MOSFETs.

1 Introduction

1.1 Current Source Inverter in photo-
voltaic conversion system

Concerning photovoltaic (PV) conversion system,
many configurations exist. Nowadays, at least half
of the PV worldwide power plants [1] employ string
(or multi-string) inverter topology. For this configura-
tion, a DC-DC Boost followed by a three-phase Volt-
age Source Inverter (VSI) is mainly used (Fig. 1).

Fig. 1: Boost DC-DC + VSI for 1.5 kVOC PV string.

Some drawbacks still remain as short lifetime ca-
pacitors [2] and multistage conversion system. Fur-
thermore, actual PV systems require a voltage con-
version from 1.5 kVOC to 690 or 800 VAC delivered
to the grid. Due to both limited AC voltage and
high number of converters (and then AC cables
and connections over long distances) in PV power
plants, this configuration presents relatively high
AC cabling losses.

A relevant alternative solution would be to use a sin-
gle or paralleled CSI compared to DC-DC+VSI for
1.5 kVOC PV strings [3] [4]. In spite of such topol-
ogy, actual CSI using 1.7 kV SiC (Fig. 2) devices
is not adapted to 1.5 kVOC PV strings due to CSI
voltage step-up conversion characteristic.

Fig. 2: CSI based on 1.7 kV devices for 1 kVOC (blue)
and on 3.3 kV devices for 1.5 kVOC (red) PV
string.

Equation (1) describes the CSI voltage conversion
where VDC is the PV string voltage, V̂l−l corre-
sponds to output AC peak voltage (and then MOS-
FET maximum blocking voltage), M is the modula-
tion index (between 0 and 1) and with φ being the
displacement power factor angle.

VDC =

√
3

2
· V̂l−l ·M · cos(φ) (1)



Thus, for a 1.5 kVOC string voltage, V̂l−l exceeds
1.7 kV MOSFET voltage limitation. To tackle with
this voltage limitation, a solution consists in using
new 3.3 kV SiC MOSFET devices in discrete or
module packages and therefore unlocks the use of
CSI for 1.5 kVOC PV strings.

Again, thanks to CSI boost conversion, an AC volt-
age as 1.5 kVAC could be delivered to the grid and
then reducing AC cabling losses compared to 690
or 800 VAC grid voltage, while employing a single-
stage converter topology.

Figure 3 summarizes this important modification of
PV conversion system. This paper proposes a char-
acterization of 3.3 kV discrete SiC MOSFET, based
on DPT method, in order to evaluate switching en-
ergies (MOSFET + body diode) for a CSI-based PV
conversion system.

1.2 Proposed CSI configuration

The proposed CSI operates in a synchronous
rectification mode. The topology is shown in
Fig. 3. Two GeneSiC 3.3 kV/120 mΩ SiC MOS-
FET (G2R120MT33J) are set in common source
anti-series. The aim is to reduce conduction losses,
by using MOSFET channel instead of body diodes.

The only function of anti-series MOSFETs’ (DP(1,2,3)

and DN(1,2,3)) body diodes is to satisfy bidirec-
tional voltage requirement, which produces recov-
ery losses, normally avoided when using dedicated
Schottky diodes. Synchronous rectification mode
challenges are exposed in [5] and [6].

Fig. 3: CSI for 1.5 kVOC PV string using synchronous
rectification mode.

In order to estimate future CSI performances with
new 3.3 kV SiC MOSFET devices, the switching
event needs to be investigated.

2 Switching characterization board
and protocol

This section is intended to detail the switching cell
main features and the protocol that has been es-
tablished in order to characterize the switching be-
haviour of 3.3 kV SiC MOSFET.

2.1 Characterization protocol

The switching losses characterization setup is
based on a classic DPT circuit as depicted in
Fig. 4. During tests, LS-M (Low-Side MOSFET)
is the switching device (DUT - VGSLS−M

= −5
or 20 V), HS-D (High-Side Diode) and LS-D are
turned off (respectively applying VGSHS−D

= 0 V
and VGSLS−D

= −5 V) and HS-M is turned on
(VGSHS−M

= 20 V).

Fig. 4: Switching cell for the proposed CSI Double-
Pulse Test.

Moreover, this characterization board is also de-
signed to determine body diode reverse recovery
losses. The protocol adopted in this paper is the
same as presented in [7], which determines the
reverse recovery current during switching event to
obtain recovery losses. The CSI cell configuration
set for DPT needs to be modified in order to perform
this measurement: Ldc has to be connected across
the low-side switches instead of the high side and
the voltage source Vdc needs to be reversed. Low-
side and high-side switches command are swapped
to perform DPT. The actual PCB layout has been
designed in this purpose.

2.2 Switching cell layout

The CSI layout design, particularly in case of dis-
crete devices, requires an unconventional switching



cell geometry to balance stray inductance between
all MOSFETs. A triangular layout has been se-
lected and developed, based on [6]. Despite the
balanced parasitic inductances, voltage isolation
between 3.3 kV discrete devices imposes an in-
creased stray inductance (Lstray) and PCB thermal
resistance (Rth,PCB). The PCB stack-up is made
of four copper layers. External layers are insulated
from internal layers by a 190 µm FR4 layer. Internal
layers are insulated from each other by a 1 mm FR4
layer. The total PCB thickness is 1.6 mm.

The imposed minimal clearance distance in this
DPT board is 5 mm. Figure 5 and Fig. 6 show,
respectively, the layout schematic and the Double-
Pulse Test board. The same board is used for body
diode reverse recovery losses evaluation.

Fig. 5: Switching cell layout.

Fig. 6: Double-Pulse Test board.

2.3 Gate driver characteristics

The gate driver used is a Silicon Labs SI826BCC-
C-ISR isolated device. Gate to source voltage goes
from −5 (VGSoff ) to +20 V (VGSon). Even if Low-
Side (LS) and High-Side (HS) devices are common
source connected, each MOSFET has its own gate
driver circuit and are isolated to avoid any bouncing
potentials during the switching event. Moreover, to
insure safe DPT, High-Side Diode gate has also
been short-circuited with source connection to set
VGSHS−D

at 0 V.

2.4 Voltage and current tested ranges

To evaluate the properties of the switching cell and
MOSFET SiC devices, tested switching voltage and
current has to be determined. CSI switched volt-
age range goes from zero to V̂l−l : for a 1.5 kVAC

voltage grid, it is 2.1 kV. About the current range,
it mainly depends on the chosen device. From a
pre-sizing calculation using [4] it appears that maxi-
mum current during nominal operation could never
exceed 22 A even with a 30W power dissipation.
Thus, the maximum current for DPT is established
at 22 A to perform a wide enough characterization.

2.5 Measuring probes

Switching current measurement is per-
formed by a coaxial shunt (Rshunt = 15 mΩ,
Bandwidth = 1.2 GHz) located in the switching
loop. Inductance current (Idc) measurement is
done with a 30 A current sensor.

Switched voltage is measured with a 2 kV passive
probe (BW = 400 MHz). This probe measures
VDSLS−M

+ VDSLS−D
, this last term is equal to volt-

age drop through body diode from LS-D. It has to be
considered to report more precise switched voltage
VDSLS−M

. This value is determined during switching
data analysis. Bus voltage Vdc is observed by a
6 kV differential probe. Finally, VGSLS−M

measure-
ment is done with a 25 V isolated probe : Saker-
ISOVP (BW = 175 MHz).

3 Switching characterization re-
sults

This section discusses MOSFET switching charac-
terization through waveforms analysis, switching
energies calculation and then parameters influence
on switching event.



3.1 Gate resistance influence on switch-
ing event

In order to limit switching losses, RGLS−M
influ-

ence is investigated. The studied values goes
from 10 to 2 Ω. As intended, low RGLS−M

reduces
switching losses, for both turn-on and turn-off.
The counterpart is an increased switching speed
dVDSLS−M

/dt. High dVDSLS−M
/dt could provoke

crosstalk between devices and then a false turn-
on [8] [9]. Double-Pulse preliminary tests have
shown that crosstalk effect is likely to occur in opera-
tion ranges (especially at high junction temperature
(Tj), switched current and voltage) even with a 6 Ω
gate resistor. In order to prevent this phenomenon
on any operating point, for the following sections,
RGLS−M

is established at 8 Ω. This value permits to
insure a turn-on dVDSLS−M

/dt below 50 V/ns which
corresponds to the driver common-mode transient
immunity typical value.

3.2 Switching waveforms and energies

Figures 7 and 8 show, respectively, the turn-off
and turn-on transients for IDSLS−M

= 22 A and for
several VDSLS−M

values going from 200 V to 2100 V
at TjLS−M = 25 °C.

Fig. 7: Superimposed VDSLS−M (top) and IDSLS−M (bot-
tom) waveforms at turn-off at IDSLS−M = 22 A
and for TjLS−M

= 25 °C.

At turn-off, dVDSLS−M
/dt is around 105 V/ns and

dIDSLS−M
/dt goes from 3.1 to 0.87 A/ns between

200 V and 2100 V.

As intended for a MOSFET, higher voltage turn-
off presents a slower current switching compared
to lower voltage turn-off but also presents a lower
switching current overshoot and oscillations.

For VDSLS−M
= 200 V and IDSLS−M

= 22 A, cur-
rent overshoot reaches −14 A. Concerning volt-
age overshoot, at low switching voltage, for
VDSLS−M

= 200 V, it exceeds 60 % of Vdc. At
high switching voltage, voltage overshoot is
small with only 8 % of Vdc (around 2250 V), for
VDSLS−M

= 2100 V.

Fig. 8: Superimposed VDSLS−M (top) and IDSLS−M (bot-
tom) waveforms at turn-on at IDSLS−M = 22 A
and for TjLS−M

= 25 °C.

At turn-on, dVDSLS−M
/dt is around 43.5 V/ns and

dIDSLS−M
/dt goes from 0.98 to 1.32 A/ns be-

tween 200 V and 2100 V. Higher turn-on volt-
age presents an earlier rising current which pro-
vokes a slightly higher current overshoot : al-
most 40 A for VDSLS−M

= 2100 V instead of 36 A
for VDSLS−M

= 200 V for a 22 A switched current
value.

Although this lower overshoot current value, low
switched voltage waveforms shows a slow mitiga-
tion in oscillations of switched current, as for turn-off
event.

Thus, switching energies are calculated. They are
considered between VGSLS−M

= 10 % ·∆VGS

and VDSLS−M
= 10 % ·Vdc for turn-on,

between VGSLS−M
= 90 % ·∆VGS and

VDSLS−M
= 90 % ·Vdc for turn-off calculation.



Figure 9 shows the energies for three switching
current values at TjLS−M = 25 °C.

Fig. 9: Turn-on (full lines) and turn-off (dashed lines)
switching energies for IDSLS−M

= 6, 12 and 22 A
and TjLS−M

= 25 °C.

Based on observation of Fig. 9, switching energies
are mainly due to turn-on event. They increase
with both current and voltage. Due to restrictive
switching cell layout, high parasitic inductance pe-
nalizes switching voltage drop and then, rises turn-
on losses by a significant factor. This inductance
has been measured: Lstray = 120 nH.

A rapid comparison with device datasheet clearly
indicates that with this particular layout turn-on en-
ergies are heavily increased. Moreover, to make
a 3.3 kV SiC MOSFET switching at 2100 V, i.e at
64 % of its drain-source breakdown voltage value,
imposes a substantial constraint.

3.3 Temperature influence on switching
event

Concerning temperature influence on switching
event, the use of MOSFET body diode may im-
ply a significant increasing of switching energies
with an increased junction temperature.

Therefore, this section aims is to determine the in-
fluence of MOSFET junction temperature (Tj) on
switching energies. Concerning thermal conditions,
a heat plate is used to rise and control the semicon-
ductors junction temperatures, from 25 to 150 °C.

Drivers temperatures are maintained below 70 °C
to perform a realistic switching and not to bias the
results. Temperatures are checked during tests by
a thermal camera.

Figure 10 shows turn-on transients for a varying
junction temperature. Concerning turn-off event,
it is not affected by increased MOSFET junction
temperature.

Fig. 10: Superimposed VDSLS−M
(top) and IDSLS−M

(bot-
tom) waveforms at turn-on for TjLS−M

varying
from 25 to 150 °C at VDSLS−M

= 1500 V and
IDSLS−M = 16 A.

This last figure indicates that the peak current
increases with increasing junction temperature.
Switched voltage VDSLS−M

is not affected by tem-
perature variation. dIDSLS−M

/dt is slightly affected
by temperature increased. Additional losses are
due to current higher oscillations during the switch-
ing event.

Moreover, table 1 below highlights increased ener-
gies (and then losses) due to increased tempera-
tures for Fig. 10 waveforms.

Junction temperature
(°C)

Switching energy
(µJ)

25 1166
50 1139

100 1200
150 1351

Tab. 1: Turn-on switching energies at
VDSLS−M

= 1500 V, IDSLS−M
= 16 A and

for TjLS−M
varying from 25 to 150 °C.



To determine the impact of temperature, Fig. 11 re-
sumes switching energies at TjLS−M = 150 °C com-
pared with energies obtained at TjLS−M = 25 °C.

Fig. 11: Total switching energies at TjLS−M
= 25 °C

(dashed lines) and TjLS−M
= 150 °C (full lines)

for IDSLS−M
= 6, 12 and 22 A.

Thus, increasing the junction temperature from 25
to 150 °C causes an increase in turn-on switching
energies between 10 and 20 % (at high voltage)
when compared to Fig. 9 (or Fig. 11 dashed lines).
Thereby, switching behaviour of MOSFET device
is affected by increased temperature. This depen-
dence will have to be taken into account for the
design of the final converter.

4 Body diode reverse recovery
characterization

Body diode main issues are maximal recovery cur-
rent Irr,max that could exceed device limits in spe-
cific conditions and voltage, current and tempera-
ture impact on turn-off event. To apprehend switch-
ing energies generated by MOSFET body diode
also allows to have a more precise approach of
switching losses distribution compared to MOSFET
channel.

Moreover, determining the body diode behaviour
becomes necessary to study the deadtime used in
synchronous rectification operating mode.

4.1 Body diode turn-off waveforms

Figure 12 shows the body diode turn-off transient
for IDLS−D

= 20 A and for varying voltage VDSLS−D

going from 200 V to 2100 V at TjLS−D = 25 °C.
This figure shows limited recovery current oscil-
lations at high voltage compared to low voltage,
especially for VDSLS−D

= 200 V.

Fig. 12: Superimposed MOSFET body diode VDSLS−D

(top) and IDLS−D
(bottom) waveforms at turn-off

IDLS−D = 20 A and for TjLS−D = 25 °C.

The peak reverse recovery current (Irr,max)
is around −17 A for IDLS−D

= 20 A and at
TjLS−D = 25 °C.

Figure 13 shows that Irr,max increases with junction
temperature, reaching −27 A at TjLS−D = 150 °C,
which implies higher reverse recovery losses.

Fig. 13: Superimposed MOSFET body diode VDSLS−D

(top) and IDLS−D (bottom) waveforms at turn-
off for TjLS−D varying from 25 to 150 °C at
VDSLS−D

= 2100 V and IDLS−D
= 20 A.



4.2 Body diode reverse recovery energies

The next step to determine body diode reverse
recovery energies is to extract MOSFET output
parasitic capacitance (Coss) contribution in recovery
charges. At turn-off, total recovery charges (Qrr)
comes from both bipolar charges (Qbip) stored in
PN-diode and Coss charges (Qoss).

Capacitive energy Eoss is not dissipated within the
device during body diode turn-off. On the other
hand, for 3.3 kV body diode, bipolar charges and
then losses are not negligible, especially with high
currents and temperatures conditions [10].

Then, Qoss is determined by body diode turn-on
behaviour. It only depends on applied voltage, i.e.
VDSLS−D

. Thanks to turn-off reverse recovery cur-
rent waveforms, Qbip is isolated from Qoss. Equa-
tion (2) resumes Qrr charges definition.

Qrr =

∫ trr2

trr1

IDLS−D
dt = Qoss +Qbip (2)

Figure 14 shows both contribution of Qrr and Qoss

on reverse recovery charges. Difference between
lines and Qoss level corresponds to Qbip charges.
Qbip increases with current and temperature.

Fig. 14: Qrr and Qoss evolution for IDLS−D
= 6, 12 and

20 A and TjLS−D
= 25 °C.

Moreover, Fig. 15 and Fig. 16 show the temperature
influence on bipolar charges evolution, for 6 and
20 A respectively.

Figure 15 and Fig. 16 displays that at high temper-
ature, Qbip also increases with a increasing switch-
ing voltage. This effect is particularly observable at
high current, here at 20 A.

Fig. 15: Qrr and Qoss evolution for IDLS−D = 6 A and
TjLS−D varying from 25 to 150 °C.

Fig. 16: Qrr and Qoss evolution for IDLS−D = 20 A and
TjLS−D varying from 25 to 150 °C.

As Coss contribution only depends on voltage, bipo-
lar charges Qbip becomes more and more pre-
dominant in reverse recovery charges Qrr with the
increase of current and temperature that implies
higher body diode reverse recovery energies, as
developed further next.

Thus, body diode reverse recovery energy during
turn-off is defined by :

Erec =

∫ 98%Vdc

trr1

VDSLS−D
· IDLS−D

dt− Eoss (3)

As exposed in [10], for high voltage and stray induc-
tance (i.e. important oscillations during switching
event) conditions, the upper integration limit is set
at 98 % Vdc.

To remain valid, IDLS−D
has to be very close to zero

when VDSLS−D
reaches 98 % Vdc. Both conditions

has been considered to extract more precise re-
verse recovery energies.



Figure 17 shows the evolution of recovery energies
at TjLS−D = 25 °C.

Fig. 17: Body diode reverse recovery energies for
IDLS−D = 6, 12 and 22 A and TjLS−D = 25 °C.

Figure 18 shows the evolution of recovery energies
for IDLS−D

= 6 A, TjLS−D varying from 25 to 150 °C.

Fig. 18: Body diode reverse recovery energies for
IDLS−D

= 6 A and for TjLS−D
varying from 25

to 150 °C.

At last, Fig. 19 shows the evolution of recovery
energies for IDLS−D

= 20 A, TjLS−D varying from
25 to 150 °C.

Fig. 19: Body diode reverse recovery energies for
IDLS−D

= 20 A and for TjLS−D
varying from 25

to 150 °C.

From two last figures, it can be noticed that in-
creased junction temperature causes an important
increasing in body diode reverse recovery energies.
For any switched current value, the increase in en-
ergies is around 250 % between 25 and 150 °C.

5 Perspective of switching perfor-
mances for future CSI operation

This last section purpose is to discuss about
how the characterization of switching behaviour
of 3.3 kV SiC MOSFET helps to better determine
the future CSI operation, i.e. its performances and
its limits. First, it allows to optimize switching se-
quence, especially when introducing synchronous
rectification.

5.1 Synchronous rectification deadtime

Body diode seems to present higher conduction
losses than MOSFET channel. To avoid increased
conduction losses, MOSFET channel of DP(1,2,3)

and DN(1,2,3) (Fig. 3) should be turned on right after
the body diode is forward-biased.

However, the turn-on cannot be done at any time.
With an early trigger, i.e. body diode is not com-
pletely forward-biased, a short-circuit may occur.
In addition of being a safety issue, it results in in-
creased recovery energies. A deadtime has to be
established to turn-on the channel without short-
circuit. This minimum deadtime (DTmin) value in-
creases with current, voltage and temperature rise.

To insure a proper operation of the converter, mini-
mum deadtime is determined for the most extreme
conditions. Moreover, turn-on MOSFET channel
during body diode polarization reduces reverse re-
covery current and voltage overshoot and then have
a beneficial influence on body diode reverse recov-
ery energies during turn-off event [11].

Figure 20 is used in order to find this minimum
value. At TjLS−D = 150 °C, MOSFET gate to
source voltage threshold of the opposite MOSFET
device HS−M is VGSth ≃ 2.5 V, so minimal dead-
time DTmin corresponds to the duration that begin
at VGSHS−M

drop, i.e. the reception of turn-off order
by gate driver, until this voltage falls below threshold
(here 2.5 V).



Fig. 20: MOSFET body diode voltage VDSLS−D at
2100 V (top - cyan), current IDLS−D

at 20 A (top -
burgundy) and VGSHS−M

(bottom - purple) wave-
forms during LS-D turn-off at TjLS−D

= 150 °C.

Based on observation of Fig. 20, DTmin = 102 ns.
This study will need to be completed by future tests
to determine deadtime impact on body-diode turn-
off behaviour. With a deadtime shorter than 102 ns,
a short-circuit is very likely to occur during switching
event.

To verify if determined value of DTmin is accurate,
reverse recovery energies should be analyzed for
multiple switched voltage and current values. By
DTmin definition, they should be minimal for this
time duration. Thus, the following step is to try to
increase deadtime and determine if an increased
duration heavily penalizes body diode reverse re-
covery energies.

One perspective of this future study is that the re-
duction of body diode turn-off energy by optimized
deadtime could be negligible regarding body diode
reverse recovery losses ratio on global switching
losses and moreover on converter losses. In this
case, it could be more relevant to accept an in-
creased deadtime in order to insure a safe syn-
chronous rectification management. This perspec-
tive will be investigated further.

5.2 Switching losses in operational CSI

This section purpose is about to evaluate generated
switching losses in the future CSI. Thanks to 3.3 kV
characterization, future CSI switching losses can
be estimated. With obtained data and using the
calculation tool developed in [4], this evaluation is
resumed in Fig. 21 where the evolution of switching
losses for one 3.3 kV MOSFET device for a set
switching frequency (fsw) is presented.

Fig. 21: MOSFET (full lines) and body diode (dashed
lines) switching losses evolution depending on
operating current at Tj = 25 (blue) and 150 °C
(red) for one G2R120MT33J device, switching
at fsw = 50 kHz.

This figure indicates that MOSFET losses are pre-
dominant over body diode losses, but increase
more slightly with junction temperature. As evoked
in section 2.4, maximum current mainly depends
on device package power dissipation.

Figure 21 shows that combined switching losses
reach 16W at 10 A and exceed 20W at 15 A for
Tj = 150 °C. When considering conduction losses,
global semiconductors losses are even more im-
portant. Therefore, maximum operating current will
probably be around 10 A, for a maximum of 150 °C
junction temperature and for a 50 kHz switching
frequency.

6 Conclusion

In this paper, 3.3 kV/120 mΩ MOSFET characteri-
zation has been performed to evaluate the switch-
ing event for this particular switching cell layout for
a future CSI application.

Complete switching current and voltage ranges
have been investigated as for varying junction tem-
perature. Body diode reverse recovery has been
characterized in order to determine its impact on
switching losses definition.



As seen before, switching event is subjected to
strong constraints especially at high switching volt-
age and high parasitic inductance. These con-
straints will cause increased switching losses in
the future converter. Future works will investigate
deadtime influence on switching performances.
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