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ABSTRACT SiC power devices are used for medium-voltage (MV)motor drive and traction applications due
to their higher temperature operation, switching frequencies, and higher efficiencies than Si-based devices.
This article investigates three 3.3 kV reverse blocking or current switch configurations for their suitability in
MV current-source inverter (CSI) applications. The three configurations are 1) Type I - SiC MOSFET and
series Schottky diode; 2) Type II - SiC MOSFETs connected in common-source (CS); and 3) Type III - SiC
MOSFETs connected in common-drain (CD) configuration. The switch configurations are characterized by
comparing their on-state and switching performance at different junction temperatures varying from 25◦C to
125◦C. The results are used to evaluate three-phase CSI losses with three different switch configurations and
choose the preferred switch configuration for MV-based CSI applications based on inverter efficiency while
considering a wide range of operating points. The permissible limits of a 3.3 kV Type I switch-based CSI
are presented, thus providing a safe operating area (SOA) of the switch configuration for a CSI application.
Finally, the CSI is built using Type I switch configuration and is experimentally validated with an R-L load.

INDEX TERMS 3.3 kV SiC diode, 3.3 kV SiC MOSFET, common-source (CS), common-drain (CD),
current source inverter (CSI), current switch, medium-voltage (MV), reverse-voltage blocking (RVB) switch,
wide-bandgap devices, GaN, SiC.

I. INTRODUCTION
Silicon Carbide (SiC) power devices are being adopted
for motor drives, solid-state transformers, and traction
applications due to their high breakdown voltage rat-
ings, superior thermal conductivity, low on-state voltage,
and high-frequency operation compared to Si-based power
devices. The successful development of commercial SiC
power devices in the medium voltage (MV) range (2.3 kV
- 15 kV) has led to a renewed interest in adopting them in
utility and traction applications [1], [2]. Adopting 3.3 kV
SiC MOSFETs and Schottky diodes to replace Si IGBTs in
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modules has been demonstrated to reduce switching losses
by half and improve the power density [3]. 6.5 kV Schottky-
barrier diode (SBD) embedded SiC MOSFETs have been
packaged in modules to achieve high-power density inverter
systems [4]. 10 kV SiC MOSFETs have been paralleled to
achieve high-current levels and demonstrated in megawatt-
class solid-state transformer application [5], facilitating a
75% reduction in weight and a 50% reduction in size com-
pared to conventional transformers.

Following the invention of the Si IGBT, MV applica-
tions have overwhelmingly preferred voltage-source inverter
(VSI) topologies over thyristor-based current-source invert-
ers (CSIs) [6]. CSI topologies have an inherent short-circuit
withstand capability, single-stage boost conversion, and
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FIGURE 1. Switch configuration for existing CSI drives in MV applications
- a) GTO-based switch leg with RCD snubber, RC snubber, sharing resistor
(Rsh) and di/dt reactor, and b) SGCT based switch leg RC snubber, Rsh
and di/dt reactor [14].

FIGURE 2. Switch configurations without di/dt reactor for CSI drives in
MV applications - a) Reverse-blocking IGBT, b) IGBT with an anti-parallel
diode and a series diode, c) Type I switch with a MOSFET and a series
diode, d) Type II switch with a common-source (CS) configuration, and
e) Type III switch with a common-diode (CD) configuration.

higher temperature operation of the coupling inductor com-
pared to the dc-bus capacitors used in VSI topology [7],
which favor their adoption for aerospace and transportation
applications [8]. The advent of high-voltage rated WBG
devices promises high-frequency and high-temperature oper-
ating capability, thus enabling exploration of CSIs [9], [10].
The relative lack of research articles on SiC-based reverse
voltage blocking (RVB) switches also necessitates studies to
qualify these emerging devices for various MV applications.

Hybrid reverse-blocking and bidirectional switch topolo-
gies have been investigated for CSI-based high-speed
machine applications using 900 V - 1200 V rated SiC MOS-
FETs and Schottky diodes [11]. A novel test-bed has been
proposed for characterization and model extraction of 3.3 kV
current switches under hard-switching and soft-switching
conditions [12] to be used for soft-switching based solid-state
transformer. A 10 kV current switch is characterized in [13];
however, a comparison of the three different configurations
of the current switch is not discussed. In [9], the losses are
compared for a high-speed machine (HSM)-based CSI and
VSI system using 3.3 kV SiC devices.

This paper discusses the static and dynamic characteriza-
tion of three RVB switch configurations of MOSFET with
series diode, MOSFETs connected in common-source (CS)
or common-drain (CD) configuration assembled using 3.3 kV
SiC MOSFETs and 3.3 kV SiC Schottky diodes. The device
configurations are characterized for on-state behavior using

FIGURE 3. Diode reverse recovery current direction a) IGBT with an
anti-parallel diode and a series diode, and b) MOSFET with a series diode.

a Keysight B1505A Curve Tracer [15] at 25◦C and 175◦C.
The switching performance is evaluated at a dc-link current
of 50 A at different voltages (−2500 V to 2500 V), junction
temperatures (25◦C, 125◦C), and gate resistances (Rg = 10�,
15 �, 20 �). Using the double pulse test (DPT) experiments,
the measured loss data can be used to design a SiCMV-based
CSI system and evaluate its switching frequency limits based
on the safe operating area (SOA) of the RVB switch.

II. SWITCH CONFIGURATIONS
The existing MV-based CSIs use Gate Turn-off Thyris-
tors (GTOs) and Symmetrical Gate Commutated Thyristors
(SGCTs) as the RVB switch [16], [17]. To limit the di/dt
of the switch, snubber circuits are used, as shown in Fig. 1.
Also, the devices are connected in series to realize the voltage
ratings, thereby requiring a series balancing resistor. The
GTOs need a resistor, capacitor, and diode (RCD) snubber
for over-voltage protection and limiting di/dt . With SGCTs,
the RCD snubber can be eliminated, reducing the overall
snubber’s size. The SGCTs, however, still need the RC snub-
ber. Additionally, the turn-on time and the tail currents of
the SGCTs are lower than GTOs. The SGCTs also tend
to operate at a higher switching frequency than the GTOs,
thus slightly reducing the size of the passive components
compared to GTO-based CSIs. However, the CSIs operate
at a low switching frequency (200 Hz - 720 Hz) to improve
the overall system efficiency, thereby increasing the passive
components’ size.

To realize RVB operation, the switch must block voltages
in both directions and allow current flow in one direction.
An IGBT with a diode in series acts as an RVB switch,
as shown in Fig. 2(a). However, an anti-parallel diode is
essential to accommodate reverse recovery losses of the series
diode. Fig. 3(a) shows the reverse recovery current direction
of the series diode during the turn-off of the diode while
blocking negative voltage. Since the IGBT is a unidirectional
current-carrying device, the anti-parallel diode helps to carry
the reverse recovery current during the commutation of the
current switches. Si PiN diodes employed for such purposes
exhibit a tail current limiting the converter’s switching fre-
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FIGURE 4. a) Output I-V MOSFET characteristic measured at room temperature, b) Output I-V MOSFET characteristic measured at 175◦C, c) Output I-V
characteristic at Vgs = 20 V and at room temperature and 175◦C, d) Third quadrant characteristics of the MOSFET at Vgs = 0 V and Vgs = −5 V at room
temperature and 175◦C, e) Threshold voltage of the MOSFET measured at a drain current of 1 mA, and f) Transfer characteristics of the MOSFET
measured at Vds = 20 V and room temperature.

FIGURE 5. Output I-V diode characteristic measured at room temperature
and at 175◦C.

quency, resulting in the use of bulky passive components.
The switching frequency limits of the IGBT-based current
switch can be increased by replacing the Si PiN diodewith the
SiC Schottky diode [18]. However, this does not reduce the
device count and results in an increased switch cost compared
to the switches used for VSI applications. The increased
conduction losses due to the series diode can be reduced
with a Reverse Blocking IGBT (RB-IGBT), as shown in
Fig. 2(b). The RB-IGBTs are commercially rated for 600 V
and sampled for 1200 V and are preferred for soft-switching
applications compared to hard-switching applications [19].

With SiC MOSFET-based RVB switches, the inherent
body diode prevents the need for an anti-parallel diode, thus
realizing the RVB switch using two devices. Fig. 3(b) shows

FIGURE 6. Combined output I-V characteristic at room temperature.

the direction of the reverse recovery current through the series
diode going through the MOSFET as it is a bidirectional
device. To build an RVB switch, three configurations of
switches are examined - Type I: a SiCMOSFET in series with
a SiC Schottky diode; Type II: two back-to-back SiC MOS-
FETs with a common-source (CS) connection; and Type III:
two back-to-back SiC MOSFETs with a common-drain (CD)
connection. The different device configurations suitable to
realize an RVB switch are shown in Fig. 2.

III. STATIC AND DYNAMIC CHARACTERIZATION
Static characterization of the 3.3 kV, 104 A, TO-247 4-lead
SiC MOSFET (MSC025SMA330B4) and 3.3 kV, 90 A,
TO-247 2-lead SiC Schottky diode (MSC090SDA330B2)
was conducted using the Keysight B1505A curve tracer. The
static characterization is performed at room temperature and
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FIGURE 7. a) Variation of reverse transfer capacitance Crss, input capacitance Ciss, and output
capacitance Coss with the voltage across the MOSFET b) Junction Capacitance of the diode.

FIGURE 8. On-state voltage drop of a current switch at 50 A and variable
junction temperatures with a) MOSFET and diode in series, and b) two
MOSFETs in CS or CD configuration.

FIGURE 9. Three-phase current source inverter topology with Type I
switches highlighting the current commutation of top switches Q1 and Q3
with Q4 ON.

175◦C. The dynamic characterization was conducted using
the DPT circuit developed using the CSI commutation circuit
at different case temperatures and gate resistance values.

A. STATIC CHARACTERIZATION
The first quadrant characteristics of the SiC MOSFET at
25◦C and 175◦C are shown in Fig. 4a and 4b, respectively.
The on-state characteristics of the MOSFET are obtained at
various gate voltages (Vgs) from 0 to 20 V. Fig. 4c shows
the on-state characteristics of the MOSFET at 25◦C and
175◦C and at Vgs of 20 V. The MOSFET has an on-state
resistance (Rds,on) of 25 m� at a gate bias of 20 V at 25◦C
and an Rds,on of 48 m� at a gate bias of 20 V at 175◦C. The
increase in the on-state resistance with temperature is due to

FIGURE 10. Commutation cells for a) Q1 to Q3 and losses of Q3 is
observed with Vll < 0, and b) Q3 to Q1 and reverse recovery losses of Q3
is observed with Vll > 0.

the positive temperature coefficient of the channel resistance,
which is the most dominant component of SiC MOSFET
on-resistance [20]. The third quadrant characteristics of the
SiC MOSFET at 25◦C and 175◦C are shown in Fig. 4d. The
reduction in the third quadrant voltage drop with increasing
temperature can be attributed to the space charge physics of
the P-i-N body diode [20].

The measured threshold voltage of the SiC MOSFET at a
drain voltage (Vds) of 0.1 V and a Ids of 1 mA at 25◦C and
175◦C is shown in Fig. 4e. The decrease in threshold voltage
with temperature can be attributed to increased intrinsic car-
rier concentration in the SiC MOSFET drift region [20]. The
transfer characteristics of the SiC MOSFET measured with a
drain bias of 20 V at 25◦C is shown in Fig. 4f. The MOSFET
has a transconductance of 13 S at a current (Ids) of 15 A.

The first quadrant characteristics of the diode obtained at
25◦C and at 175◦C is shown in Fig. 5. When the MOSFET is
connected in series with the diode, the IV characteristics of
the current switch are the sum of the individual switch char-
acteristics, as shown in Fig. 6. Additionally, the combined
switch does not have a third-quadrant operation due to the
presence of the series diode.

The measured input (Ciss = Cgs + Cgd ), output (Coss =

Cds + Cgd ) and reverse transfer capacitances (Crss = Cgd ) of
the SiC MOSFET are shown in Fig. 7a. The measurements
are obtained at different blocking voltages at a 100 kHz
frequency according to the JEDEC standards. The value of
the junction capacitances is temperature invariant. The output
capacitance contributes to the voltage over-shoot during turn-
off caused by the current flowing through the drain-source

89280 VOLUME 11, 2023



S. Narasimhan et al.: Performance Evaluation of 3.3 kV SiC MOSFET and Schottky Diode

FIGURE 11. DPT Setup using a) Type I switch, b) Type II: Common-source (CS) switch, and c) Type III: Common-drain (CD)
switch.

FIGURE 12. Hardware Setup using a) Type I switch, b) Type II (CS) switch, and c) Type III (CD) switch.

parasitic inductance in series with the output capacitance. The
Crss, also known as theMiller capacitance, mainly contributes
to the shoot-through effect in switching modules. A smaller
input capacitance results in faster slew rates of the drain cur-
rents and shorter switching delays [21]. The diode’s junction
capacitance is 245 pF at 2500 V, as shown in Fig. 7b.
For the Type I switch, the reverse recovery current of

the series diode caused by the diode junction capacitance
increases the turn-on switching loss. For Type II and Type III
switches, the reverse recovery losses of the PiN body-diode
of the MOSFET contribute to increased switching losses.
To improve the third quadrant operation of the Type II or
Type III switch, the reverse recovery losses of the PiN body
diode can be reduced using a JBSFET, which has a JBS diode
embedded with the MOSFET die to suppress the effect of the
internal body diode [22].

B. ON-STATE VOLTAGE
The on-state voltage drop (Von) of the current switch with a
MOSFET and diode in series and the current switch with two
MOSFET in series is shown in Fig. 8. The Von is obtained
at a Ids of 50 A and different junction temperatures. The Von
of the individual MOSFET and diode is shown in Fig. 8a.

The total conduction loss increases due to the presence of
the diode. The CS and CD configurations achieve the lowest
voltage drop when both MOSFET channels are used for
current conduction. Hence, the series diode can be replaced
with a MOSFET to reduce the conduction losses. Fig. 8b
shows the on-state voltage drop with two MOSFETs in CS
or CD configuration. The on-state voltage drop at 25◦C for a
Type I switch is 2.95 V, and the on-state voltage drop for a
Type II and Type III switch is 2.5 V for a 50 A current. As the
current increases, the on-state drop of the Type II and Type III
switch significantly increases.

C. DYNAMIC CHARACTERIZATION
1) COMMUTATION OF THE CSI
Fig. 9 shows the three-phase CSI topology using Type I
switches. Ldc is the dc-link inductor that generates the current
source, and Cf is the line-neutral output filter capacitors. For
a CSI, only one switch in the top leg and bottom leg can be
ON at any instant. The commutation of the switches in the
CSI occurs between Q1, Q3, Q5 for the top leg and Q4, Q6,
Q2 for the bottom leg. Assuming thatQ4 is ON and the current
commutates from Q1 to Q3 depending on the polarity of the
voltage Vll . Fig. 10 shows the equivalent commutation circuit

VOLUME 11, 2023 89281



S. Narasimhan et al.: Performance Evaluation of 3.3 kV SiC MOSFET and Schottky Diode

FIGURE 13. Losses are obtained for an external Rg of 20 � and Ids of 50 A a) Turn-on losses of Type I switch, b) Turn-on losses of Type II (CS)
switch, c) Turn-on losses of Type III (CD) switch, d) Turn-off losses of Type I switch, e) Turn-off losses of Type II (CS) switch, and f) Turn-off
losses of Type III (CD) switch.

for Vll < 0 (Fig. 10a), and Vll > 0 (Fig. 10b). For Vll < 0, when
the current commutates fromQ1 toQ3, the MOSFET inQ3 is
hard switched during turn-on, and the diode inQ1 experiences
reverse recovery losses. When the current commutates back
from Q3 to Q1, the MOSFET in Q3 experiences hard turn-
off losses, and the diode in Q1 experiences turn-on losses.
This shows at any given instant, a single MOSFET and diode
are involved in a commutation for a CSI, similar to that of a
commutation in a VSI [23].
The commutation circuits are used to generate the DPT

circuit, and details of the test circuit will be discussed in the
next section. This analysis can also be extended for CSIs with
CS or CD configurations.

2) TEST CIRCUIT
The DPT schematic for three configurations is shown in
Fig. 11. The switches are kept in a common-source con-
figuration for the DPT as generated with the commutation
circuit shown in Fig. 10a. Since a current source is not readily
available, the losses can be measured using a voltage source
to generate the current. The top switch is the device under test
(DUT) for all the configurations emulating the commutation
of the current from Q1 to Q3. The device is turned on with
a positive gate voltage (Vgs) of +20 V and turned off with a
negative Vgs of −5 V. The gate pulses to the gate drive board
are provided using a function generator. The lower switch is
kept at +20V for the Type I switch, as shown in Fig. 11a.
Fig. 11a shows the direction of the current when the DUT is
turned ON and OFF. For the Type II and Type III switches,
one of the switches in the DUT is pulsed while the other

switch is kept at +20V or −5V and the losses of the DUT are
measured. The lower switch of Type II and Type III switch is
gated according to Fig. 11b and Fig. 11c.

An air-core 4 mH dc-link inductor helps to avoid the
saturation of the core. The parasitic inductance is measured
to be 8 pF at 100 MHz, which is negligible compared to
the junction capacitance of the current switch. The induc-
tor acts as the current source of the commutation circuit.
The capacitor across the voltage source is a dc-capacitor of
120 uF and replicates the ac-side line-line filter capacitors.
The delta-connected line-line capacitors are rated to Cf

3 . De-
coupling capacitors are placed close to the device to provide
a low-impedance path for the high-frequency currents during
the DUT switching. A Rogowski coil sensor CWTUM/06/B
is used to measure the current through the device, and the
voltage across the switch is measured using the high-voltage
differential probe HVD 3605A. It is important to trim the
device leads to minimize losses due to the lead inductance of
the TO-247 package. To heat the device, the DUT is bent by
90 degrees, placed on the bottom of the board with a thermal
pad, and heated using a hot plate. The thermal pad is placed on
the drain of the MOSFET and cathode of the diode to provide
isolation when heated using a hot plate.

The PCBs are being used for a 2.5 kV DC bus; it is
important to maintain the creepage and clearance standard
for PCB design at the voltage levels. The IPC-2221 standard
is followed for selecting the spacings for the PCB [24], [25].
PCB keep-out layers are placed to achieve creepage isolation.
Standard PCB material of FR-4 is used, and the thickness
is determined based on its breakdown voltage of 150 to
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FIGURE 14. Total losses for Type I, Type II (CS), and Type III (CD) switches
at 25◦C, Rg of 20 � and Ids of 50 A.

300 V/mil considering the effects of aging and manufacturing
impurities [1]. However, the nominal breakdown voltage of
FR-4 material is 800 V/mil which forms the basis for select-
ing the thickness of the PCB.

3) DPT RESULTS
The DPT is conducted at constant current and different
voltage ratings. The current switch blocks voltage in both
directions and allows current in one direction. Vds varies from
−2500V to 2500V, and Ids is set to 50A. The external turn-on
and turn-off gate resistance (Rg) are set to 20 �. The turn-on
losses of Type I, II, and III switches are shown in Fig. 13a,
Fig. 13b and Fig. 13c. The turn-on and turn-off losses of Type
I, II, and III switches are shown in Fig. 13d, Fig. 13e and
Fig. 13f. The Type II and III switch losses are obtained when
the series MOSFET of the DUT is provided a Vgs of −5 V or
+20 V.

When a positive voltage is applied across the switch, the
MOSFET exhibits hard turn-on and turn-off, thereby having
higher losses. When a negative voltage is applied across the
switch, all current switch types’ turn-on loss is negligible
in comparison to the turn-on losses at positive voltages.
These losses are associated with the series diode or the
non-switching MOSFETs in the DUT of the Type II or III
configurations. Also, at negative voltages, the turn-off losses
for the current switch are similar to the turn-on losses at
the negative voltage at the room temperature of 25◦C. These
losses are associated with the reverse recovery losses of the
series SiC diode for a Type I configuration or the PiN body
diode for the Type II or Type III configurations. However, the
turn-off losses for the Type II and Type III switches at 125◦C
increase by about 3.5 times that of the room-temperature
value. This is associated with the increased reverse recovery
losses of the PiN body diode with increased temperature [20].

Since the losses in the current switch are mainly observed
during the turn-on transition, a zero-current-switching (ZCS)
operation will reduce the total switching losses, improving
system efficiency. Suppose a Type III switch is used for a
zero-current switching (ZCS) operation, where the turn-on
losses are reduced. In that case, the overall system loss
decreases compared to a Type II switch operating at ZCS [26].

FIGURE 15. The total loss of the Type I switch at variable Rg of 20 �,
15 �, and 10 � at 25◦C and Ids of 50 A.

TABLE 1. The turn-on Ipk and turn-off di/dt and dV/dt at 2500V and 50A
with Rg of 20 � at 25◦C.

The turn-off losses increase with temperature, and the
turn-on losses decrease with temperature due to the decrease
in the threshold voltage at higher temperatures. However,
the total switching losses increase by about 6% when the
temperature changes from 25◦C to 125◦C at a Vds of 2.5 kV
DC bus and Ids of 50 A for the Type I configuration. A similar
trend is observed for the Type II and III configurations.

Fig. 14 shows the total loss of three different switch types
at 25◦C at an external Rg of 20 �. The variation in the
total loss for three different configurations is about 10% at
2500 V. However, at −2500 V, it is about 18% between the
three configurations and significantly lower than the losses
obtained at positive voltages.

Fig. 15 shows the variation of the total loss of the Type I
switch with different external Rg of 10 �, 15 � and 20 �

at 50 A current. As the Rg increases, there is an increase
in the total loss for positive voltages. This is because the
turn-on and turn-off times increase with the increase in Rg,
thereby increasing the turn-on and turn-off losses. However,
the losses for negative voltages are similar for variation in
the Rg and negligible compared to the losses during positive
voltages primarily because these losses are contributed due
to the series diode for the Type I switch. For the Type II and
Type III switches, these losses are contributed due to the PiN
body diode. The losses in the diodes are independent of the
Rg values.

Fig. 16a shows the turn-off switching waveforms of the
current switch in three different configurations at 2500 V and
50 A current when Rg is 20 �. Table. 1 shows the turn-on
and turn-off di/dt and dV/dt. For the Type II switch, the
lower dV/dt results in higher turn-off losses. The dV/dt of
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TABLE 2. CSI System Parameters using 3.3 kV devices or 1.7 kV SiC devices.

FIGURE 16. The turn-off losses (Eoff ) and the turn-on losses (Eon) at
2500 V, 50 A, 25◦C and external gate resistance (Rg) of 20 �.

the remaining switch configurations decides the trend of the
Type I and Type III switches, i.e., the losses of the Type I
switch are greater than the Type III switch. Fig. 16b shows the
turn-on switching waveforms of the current switch in three
different configurations at 2500 V and 50 A current when
the external Rg is 20 �. Based on the peak currents shown in
Table. 1, the Type I switch has the lowest turn-on losses. For
the Type I switch, during the positive voltage, the MOSFET
acts as the forward voltage blocking switch, whereas during
the negative voltage, the diode acts as the RVB switch. The
reverse-recovery behavior of the diode is observed during
turn-off at negative voltage, as shown in Fig. 17a. Fig. 17a
shows the reverse recovery behavior of the diode due to

FIGURE 17. The turn-off losses (Eoff ) and the turn-on losses (Eon) at
−2500 V, 50 A, 25◦C and external gate resistance (Rg) of 20 �.

the capacitive current during the turn-off transition. For the
Type II (CS) and Type III (CD) switch, the reverse recovery
behavior of the body diode of the MOSFET is shown during
the negative transition. Fig. 17b shows the turn-on losses of
the diode at negative voltage.

IV. DISCUSSION
A. REALIZING REVERSE BLOCKING SWITCH
CONFIGURATIONS
Current switch implementations using SiC MOSFETs have a
lower on-state voltage drop than those using Si IGBTs [27].
Additionally, Type II and Type III can achieve a lower
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FIGURE 18. a) On-state voltage drop of a 1.7 kV current switch at 20 A
current, and b) On-state voltage drop of a 3.3 kV current switch at 10 A
current.

on-state voltage drop than the Type I switch configuration
(see Fig. 2) due to the availability of two channels during
current flow. The Type III switch-based three-phase converter
design requires only five isolated gate driver power supplies
compared to the Type II-based converter [28]. The Type II
and Type III need two gate drivers per switch, increasing the
system cost. The Type II-based system tends to have an easier
gate-driver layout due to the CS configuration, and the Type
III-based system tends to have easier fabrication due to the
CD configuration.

It is worth mentioning that Type I switches can be fabri-
cated on the same 4H-SiC wafer by placing the SiCMOSFET
and diode chips adjacent to each other [29]. Simultane-
ous fabrication of heterogenous devices on the same wafer
has been successfully demonstrated for 1.2 kV SiC devices
[30]. The Type III (CD) switch configuration can also be
implemented as a monolithic device [27] by fabricating two
similarly rated SiCMOSFETs next to each other on the wafer
and extracting the pair as a single semiconductor chip.

As mentioned above, the feasibility of monolithic chip
realization for Type I and Type III switch configura-
tions is conducive for large-scale manufacturing while also
being scalable across device voltage ratings. 3.3 kV 4H-
SiC reverse-blocking MOSFETs have been created [31]
using complex fabrication techniques, including substrate
removal, thin-wafer processing, and bottom-side ion-
implantation precisely aligned to the MOSFET structure and
edge-terminations on the top-side. Such complex fabrication
techniques are not available in most manufacturing facilities.
Thus, using discrete devices would be the way forward till
the manufacturability of a single device is possible.

B. COMPARISON OF TYPE I AND CS OR CD
SWITCH-BASED CSI
In [32], the author argues that bidirectional FETs are bet-
ter for CSI applications. However, the best configuration
will depend on the voltage and current ratings of the sys-
tem. In this section, a comparison of the system losses of
15 kW rated systems using 1.7 kV devices with 20 A current,
and 3.3 kV devices with 10 A current. Table. 2 shows the
overall system parameters. The modulation scheme for the
CSI is the space vector PWM (SVPWM). With Type II and
Type III switches, it is important to provide dead-time and
overlap-time to prevent dc-bus shoot through. The 4-step

commutation method is used for the Type II and Type III
based CSIs [33].
Table. 3 shows the conduction and switching loss at 20 A

current using 1.7 kV devices and Table. 4 shows the conduc-
tion and switching loss at 10 A current using 3.3 kV devices.
The switching losses of the system using 1.7 kV devices are
lower primarily because of the lower blocking voltage than
the switching losses of the system using 3.3 kV devices. The
feature of lower switching losses can favor using 1.7 kV
devices over 3.3 kV devices for similar power applications.
Fig. 18 shows the on-state voltage drop of the 1.7 kV switches
at 20 A current. For the Type I switch, the on-state voltage
drop is significantly higher compared to Type II or Type III
switches, thus increasing the conduction loss in a Type I-
based system using 1.7 kV switches. Replacing the diode
with the MOSFET reduces the conduction loss but increases
the switching loss. The conduction loss decrease of 34 W
compensates for the switching loss increase of 19 W, thus
improving the overall system efficiency. Hence, a Type II or
Type III-based switch configuration is preferred for a 20 A
system using 1.7 kV devices.

Fig. 18b shows the on-state voltage drop of the 3.3 kV
switches at 10 A current. The conduction losses are lower
for the switch as the current conduction is lower than the
1.7 kV rated system. Also, this variation can arise due to
the difference in parts. However, the switching losses signifi-
cantly increase with increased voltage. Even though replacing
the diode with the MOSFET provides a benefit in terms of
conduction loss reduction of 16 W, the Type II or Type III
configurations can’t compensate for the increased switching
loss of 56 W and thus don’t provide any efficiency improve-
ment. Hence, a Type I-based switch configuration is preferred
for a 10 A system using 3.3 kV devices.

C. EVALUATION OF 3.3 kV BASED CSI
Table. 2 shows the overall system parameters using 3.3 kV
devices and 50 A current. The conduction loss, switching
loss, and total loss of a three-phase CSI system using 3.3 kV
devices and 50 A current is shown in Table. 5. The ratio of the
conduction loss of the diode to the MOSFET is 1.15 times.
For a 10 A system, the ratio of the conduction loss of the
diode to the MOSFET is 3.67 times. As the current increases,
the conduction loss of the MOSFET becomes similar to the
conduction loss of the diode. Thus, replacing the diode with
the MOSFET reduces the conduction loss; however, it can’t
compensate for the increase in switching loss.

Fig. 19a shows the efficiency of the three switch types
operating at variable operating temperatures. There is a
0.17% reduction in the efficiency at room temperature and
a 0.25% reduction in efficiency at 125◦C. Fig. 19b shows
the efficiency of the three switch types operating at variable
switching frequencies. There is a 0.17% reduction in the effi-
ciency at 20 kHz switching frequency and a 0.63% reduction
in efficiency at 60 kHz switching frequency. The efficiency of
the CSI decreases with the increase in operating temperatures
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TABLE 3. The switching loss, conduction loss, and total loss of a 3-phase CSI system for three switch types used using 1.7 kV devices in HSM application
at a dc-link current of 20 A, 50◦C ambient, and 20 kHz switching frequency.

TABLE 4. The switching loss, conduction loss, and total loss of a 3-phase CSI system for three switch types used using 3.3 kV devices in HSM application
at a dc-link current of 10 A, 50◦C ambient, and 20 kHz switching frequency.

TABLE 5. The switching loss, conduction loss, and total loss of a 3-phase CSI system for three switch types used using 3.3 kV devices in HSM application
at a dc-link current of 50 A, 50◦C ambient, and 20 kHz switching frequency.

across all configurations and follows a similar trend for the
switching frequencies. Assuming an inverter efficiency of
99%, the Type I-based solution can operate at a switching
frequency of 52 kHz, and the Type II and Type III-based CSI
will result in an approximate switching frequency of 25 kHz.
This will increase the size of the passives by about two times
compared to the Type I solution. Thus, a Type I switch-based
CSI system is preferred for 3.3 kV MV-based CSI across all
operating temperatures and switching frequencies. To con-
clude, the Type I switch-based CSI system is the preferred
solution for 3.3 kV device MV-based CSI.

For higher voltage systems (≥3.3 kV), the conduction
loss contribution of the MOSFET becomes similar to the
diode, and hence replacing the diode with MOSFET does
not provide any benefit [13]. Thus, for voltage systems using
switches ≥3.3 kV, Type I switch is the preferred solution.
The maximum switching frequency at which the inverter

is allowed to operate is dictated by the maximum allowable
junction temperature of the device. The allowable junction
temperature of the switch is set to be 90% of the absolute
maximum junction temperature of the SiC MOSFET and
Schottky diode. The SiC MOSFET and Schottky diode has
a maximum junction temperature of 175◦C, so the junction
temperature of the devices in the CSI application is set to be
150◦C. The average junction temperature of the semiconduc-
tors is calculated using (1).

Tj = THS + Rjc ∗ Ploss (1)

where Tj is the junction temperature of the DUT, Rjc is the
junction to case thermal impedance obtained from the data
sheet of the DUT,Ploss is the total switch loss (conduction and

switching loss) of the DUT. THS is the heat sink temperature
and is calculated using (2)

THS = Tamb + (Rc,HS + RHS,amb) ∗ Ploss (2)

where Tamb is the ambient temperature, Rc,HS is the case
to heat sink temperature dictated by the thermal interface
material (TIM), and RHS,amb is the thermal impedance of
heat sink to ambient temperature thermal impedance obtained
from the data sheet of the selected heat sink.

For a CSI, the current switch consists of the MOSFET
and the diode, and it is necessary to observe both devices’
maximum junction temperatures. The CSI is designed with
an individual heat sink for each of the phases [34]. The TIM
used for the device has a breakdown voltage of 5000 VAC.
LAM6K 150 ME from Fischer Elektronik is the heat sink
used for the CSI application. The ambient temperature is
assumed to be 50◦C. The average junction temperature of the
SiCMOSFET and SiC Schottky diode is obtained at the rated
dc-link current of 50 A at a variable switching frequency.
Since the MOSFET losses comprise switching and conduc-
tion loss, the increased switching frequency increases the
junction temperature of the MOSFET, as shown in Fig. 20a.
However, the junction temperature of the diode is limited
by the conduction loss dictated by the dc-link current. The
maximum switching frequency of the 3.3 kV CSI is based on
system parameters in Table. 2 operating at 50◦C ambient is
found to be 60 kHz. The inverter switching frequency is set
to be 20 kHz as the dc-link inductor was designed to operate
for a switching frequency ripple of 20 kHz. The junction
temperature of the SiC MOSFET and SiC Schottky diode in
a CSI operating at 20 kHz switching frequency and variable
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FIGURE 19. Efficiency of the CSI with three different switch configurations a) at various ambient temperatures, and
b) at various switching frequencies.

FIGURE 20. a) Junction temperature of the SiC MOSFET and SiC Schottky diode at various switching frequencies at an
ambient temperature of 50◦C, and b) Junction temperature of the SiC MOSFET and SiC Schottky diode at various
ambient temperatures and switching frequency of 20 kHz.

FIGURE 21. Experimental a) hardware prototype of a 3.3 kV Type I CSI, and b) normal operating mode results of a 3-φ CSI with an R-L load.

ambient temperatures is shown in Fig. 20b. The maximum
permissible ambient temperature at which the switches can
operate is 87◦C.
The hardware prototype of the three-phase CSI with the

3.3 kV SiC MOSFET and Schottky diode is shown in
Fig. 21a. The sinusoidal voltages and currents for the CSI
are observed in Fig. 21b with the dc-link current of 5 A

and the line-line voltage of 280 Vll,rms operating at room
temperature, switching frequency of 20 kHz, and a fun-
damental frequency of 500 Hz. The input current source
of the inverter is generated using a buck converter which
is peak current controlled. The sinusoidal voltages and
current make CSI a promising solution for motor drive
applications.
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V. CONCLUSION
This paper compares three SiC reverse voltage blocking
switch types for an MV-based CSI application. The static
characterization of the SiCMOSFET and SiC Schottky diode
in TO-247 packages is discussed, which helps obtain the
conduction losses of the CSI system. Also, the dynamic char-
acterization of three switch configurations is evaluated for
bidirectional voltage blocking capability and helps compute
the switching losses. The turn-on and turn-off losses trend
for the three-different switch configurations is discussed.
The dependence of voltage and current on the switch type
selection for a CSI application is presented. Based on the
three-phase inverter system loss, the Type I-based switch with
a MOSFET and a series diode is selected for the MV-based
CSI for motor drive applications with 3.3 kV devices and
higher voltage systems at a wide range of real-world oper-
ating points. The safe operating area of the Type I-based
switch is then presented. Experimental results with the 3.3 kV
Type I system operating with an R-L load show the superior
performance of CSI with sinusoidal voltages and currents.
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