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Abstract—Si/SiC hybrid switches of parallel Si insulated-gate
bipolar transistor (IGBT) and SiC metal–oxide–semiconductor
field-effect transistor (MOSFET) offer most of the SiC benefits but
at a much lower cost in comparison to a full SiC solution. The
hybrid switch can be optimized to achieve a minimum total power
loss while utilizing the smallest SiC chip size without exceeding
the specified maximum junction temperature. In this article, we
first develop a generalized power loss model for Si/SiC hybrid
switches with total power loss and junction temperature as outputs
and SiC device size as a continuous input variable, and then de-
velop a methodology to minimize SiC device size while optimizing
total IGBT/MOSFET power loss and ensuring maximum junction
temperature still below 150 °C. The power loss model is experi-
mentally validated through both simple double pulse testing and a
dc–dc buck converter case study. Using the model and optimization
methodology, a minimum SiC device size can be obtained with
optimized power loss and safe operation temperature.

Index Terms—Hybrid switch, insulated-gate bipolar transistor
(IGBT), loss model, MOSFET , SiC, size optimization.

I. INTRODUCTION

S iC power metal–oxide–semiconductor field-effect transis-
tors (MOSFETs) have been increasingly adopted into power

electronic applications, demonstrating significant improvements
in efficiency and power density mainly due to much reduced
switching losses [1]–[4]. However, SiC MOSFETs are currently
still five times more expensive than their silicon insulated-gate
bipolar transistor (IGBT) counterparts [5]. This cost barrier
remains one of the major reasons why SiC is not enjoying even
larger scale market acceptance.

Recently, a Si/SiC hybrid switch concept featuring a Si IGBT
and a SiC MOSFET in parallel was proposed to offer most of the
SiC benefits but at a much lower cost in comparison to a full SiC
solution [6]–[11]. In a Si/SiC hybrid switch, the total current is
shared proportionally between the IGBT and MOSFET depending
on their respective device size. The two separate gates of the

Manuscript received June 26, 2019; revised September 27, 2019; accepted
November 6, 2019. Date of publication December 29, 2019; date of current
version April 22, 2020. This work was supported by the Chinese National Natural
Science Foundation under Grant 51977064. Recommended for publication by
Associate Editor Prof. K. Ngo. (Corresponding author: Jun Wang.)

Zongjian Li, Jun Wang, and Z. John Shen are with the College of Electrical and
Information Engineering, Hunan University, Changsha 410082, China (e-mail:
lzjq1@hnu.edu.cn; junwang@hnu.edu.cn; zjohnshen@gmail.com).

Bing Ji is with the School of Engineering, University of Leicester, Leicester
LE1 7RH, U.K. (e-mail: bing.ji@le.ac.uk).

Color versions of one or more of the figures in this article are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TPEL.2019.2954288

IGBT and MOSFET are controlled in such a manner that the SiC
MOSFET is responsible for facilitating hard switching while the
silicon IGBT benefits from zero-voltage switching (ZVS), thus
resulting in lower switching losses. Since the conduction and
switching losses of the SiC MOSFET are relatively small under
normal operation conditions, it is possible to use a small SiC
MOSFET in the hybrid switch to improve its cost-effectiveness.
In [7] and [8], a 6.5-kV hybrid switch prototype demonstrated
70% switching loss reduction comparing to a pure Si IGBT
solution. In [9] and [10], the current sharing behavior in a 3.3-kV
hybrid switch was analyzed via simulation. It also showed lower
switching losses and suppressed oscillations comparing to an
all-Si IGBT and all-SiC MOSFET package layouts, respectively.
A T-type three-level solar inverter based on 1.2-kV Si/SiC hybrid
switches was reported in [11], which achieved an optimized
efficiency by using specific gate control patterns that allow the
SiC MOSFET to turn ON shortly before and turn OFF shortly after
the IGBT. In these studies, the current rating of the SiC MOSFETS

is comparable to that of the IGBTs.
The main goal of Si/SiC hybrid switch design optimization

is to achieve a minimum total power loss while utilizing the
smallest SiC chip size without exceeding the specified max-
imum junction temperature on either device. On one hand, a
hybrid switch of a SiC MOSFET and an IGBT of comparable
current ratings is considerably more expensive than a single
IGBT solution. On the other hand, an aggressively downsized
SiC MOSFET may lead to overheating of the SiC chip and/or a
higher total power loss. In [12], a Si/SiC current ratio of 6 was
selected in an EV boost converter application. In [13] and [14],
a Si/SiC current ratio of 3 was selected in a 15-kW single-phase
H-bridge inverter application. In [15], a 1200 V/200 A hybrid
switch phase-leg module with a Si/SiC current ratio of 4 was
developed for a 10-kW converter application. These studies
experimentally investigated the influence of Si/SiC current ratio
(discrete values in all cases) on loss reduction and efficiency
improvement without considerations on SiC die overheating.
In [16], the thermal aspect of a Si/SiC hybrid switch in dc–dc
buck converter applications was experimentally studied for three
Si/SiC current ratios. The authors of this article proposed a
thermal balance gate control strategy for a hybrid switch with a
Si/SiC current ratio of 4 to improve its maximum output current
capability in a 10.5-kW dc–dc boost converter application [17].
The impact of the Si/SiC current ratio on cost was studied in
[18] and [19] based on 1.2-kV-rated commercial Si MOSFETs
and IGBTs. It shows that the cost of a hybrid switch with a
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Si/SiC current ratio of 4 is only 50% that of a full SiC MOSFET

with the same current rating.
While the electrical and thermal performances of the hybrid

switches were experimentally demonstrated and/or compared in
the prior work, they were limited to case studies of a few discrete
Si/SiC current ratios. No generalized optimization methodology
has been reported so far to achieve comprehensive optimization
among SiC device size, total power loss, and maximum oper-
ating junction temperature. This may be due to two reasons.
First, this is a very complex multivariable optimization problem,
which involves not only SiC die size but also gate control param-
eters (i.e., turn-ON and turn-OFF delay times between the IGBT
and the MOSFET). Second, there is a lack of analytical power loss
model for the hybrid switch that takes into consideration SiC die
size and junction temperature.

The objective of this article is to develop a generalized power
loss model for Si/SiC hybrid switches with total power loss
and junction temperature as outputs and SiC device size as a
continuous input variable, and then develop a methodology to
minimize SiC device size while optimizing total IGBT/MOSFET

power loss and ensuring maximum junction temperature still be-
low a specified value (e.g., 150 °C). The remainder of the article
is organized as follows. The power loss model is introduced in
Section II. In Section III, electrical and thermal characteristics
of the power loss model are experimentally validated through
both simple double pulse testing and a dc–dc buck converter.
In Section IV, the SiC device sizing optimization method based
on the power loss model calculation is proposed. The influence
of the turn-ON and turn-OFF gate control delay times between
the IGBT and MOSFET on total switch power loss for a range
of SiC device size is first studied. The turn-ON and turn-OFF

delay times are then optimized to a narrow range, which offers a
minimum total power loss (within a margin of 5%) and practical
engineering margin for gate driver. Next, the influence of the
turn-ON and turn-OFF gate control delay times on the maximum
junction temperature for different SiC device sizes is investi-
gated. A minimum SiC device size can be identified, which
offers a maximum junction temperature less than 150 °C while
operating within the optimal range of gate delay times from the
previous step. Finally, Section IV concludes this article.

II. POWER LOSS MODELS

The objective of this section is to develop a generalized
power loss model for Si/SiC hybrid switches with total power
loss and junction temperature as outputs and SiC device size
as a continuous input variable. The schematic of the Si/SiC
hybrid switch consisting of a high-current Si IGBT as the main
switch and a low-current SiC MOSFET as the auxiliary switch is
shown in Fig. 1. The paralleling structure of the Si/SiC hybrid
switch combines the conduction advantages of Si IGBT and SiC
MOSFET because most of the load current flows through the SiC
MOSFET at a low current level and through the Si IGBT at a high
current level, thus offering a reduced conduction loss.

Gate control signal patterns for the hybrid switches have been
previously studied to reduce the switching losses of the hybrid
switch, as shown in Fig. 2.

Fig. 1. Schematic of a hybrid switch made of paralleled Si IGBT and SiC
MOSFET.

Fig. 2. Two gate control signal patterns for the hybrid switch. The SiC MOSFET

leads the Si IGBT at turn-ON in Pattern I, while it lags in Pattern II.

These two gate control patterns of the Si/SiC hybrid switch
were widely adopted in previous studies. They can enable the
ZVS-ON operation of the SiC MOSFET or the main IGBT, and
the ZVS-OFF operation of the main IGBT. The turn-ON and
turn-OFF gate signal delay times between the IGBT and the
SiC MOSFET of an hybrid switch are defined as Ton_delay and
Toff_delay, respectively. When Ton_delay has a positive value, the
IGBT realizes ZVS turn-ON operation, while the SiC MOSFET

turns ON under a hard-switching condition. When Ton_delay has
a negative value, the MOSFET realizes ZVS turn-ON operation,
while the IGBT turns ON under a hard-switching condition. Thus,
it is generally preferred to have a positiveTon_delay value because
the hard turn-ON switching loss of the SiC MOSFET is smaller
than the IGBT. For Toff_delay, we only use a positive value to
ensure the IGBT always turns OFF before the SiC MOSFET and
realizes a ZVS turn-OFF operation. This way we can reduce the
large turn-OFF switching loss of the IGBT caused by its tail
current.

The conduction and switching losses as well as the cost of
the SiC MOSFET are strongly dependent on its chip size. Under
certain gate control patterns, the SiC MOSFET may undergo hard-
switching while conducting the entire load current and thus incur
a large power loss despite its inherent high switching speed. This
may result in a considerably elevated junction temperature com-
pared to that of the main IGBT. The over temperature concern is
more severe for a small SiC chip due to its larger on resistance
and higher thermal resistance. In order to simultaneously achieve
safe and efficient operation and cost reduction (small SiC chip
size) of the hybrid switch, we need to develop a generalized
power loss model for Si/SiC hybrid switches with total power
loss and junction temperature as outputs and SiC device size as
a continuous input variable.
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A. Conduction Loss

Under the conduction state, the current flows through the
auxiliary SiC MOSFET and/or the main IGBT depending on the
current level. A critical forward current is as follows:

IMOS_knee =
Vknee

Rds
(1)

where Vknee, IMOS_knee, and Rds are the knee voltage of the
IGBT, the critical forward current, and the on resistance of the
SiC MOSFET, respectively. When the overall forward current of
the hybrid switch is too small to result in a forward voltage less
than Vknee, only the SiC MOSFET conducts. Once IMOS_knee is
surpassed, both devices jointly undertake the conduction current.
Rds is inversely proportional to the chip area A [20], which can
be expressed as

Rds(A) =
Aref

A
•Rds_ref (2)

where Rds_ref and Aref are the reference on resistance and
chip area of the SiC MOSFET, respectively. With a straight-line
approximation for the output characteristics of the IGBT, an
equivalent asymptote with an intercept of Vknee and a slope of
the reciprocal of Rce is established. The current distribution
between the SiC MOSFET and the IGBT can be derived as

IMOS(A) =
Rce

Rce +Rds(A)
IF+

Vknee

Rce +Rds(A)
(3)

IIGBT(A) =
Rds

Rce +Rds(A)
IF − Vknee

Rce +Rds(A)
(4)

where Rce is the slope resistance of the IGBT, and IF is the
total forward current of the hybrid switch. Considering the
temperature coefficient of the ON-state characteristics of the
IGBT and SiC MOSFET, Vknee and Rce of the IGBT, and Rds

of the SiC MOSFET are functions of the junction temperature
[21], respectively, as given by

Rds(A, Tj_MOS) = Rds(A, 25
◦C) + TCR_MOS

• (Tj_MOS − 25 ◦C) (5)

Rce(Tj_IGBT) = Rce(25
◦C) + TCR_IGBT

• (Tj_IGBT − 25 ◦ C) (6)

Vknee(Tj_IGBT) = Vknee(25
◦C) + TCV _IGBT

• (Tj_IGBT − 25 ◦C) (7)

where Tj_MOS and Tj_IGBT are the junction temperatures
of the SiC MOSFET and the IGBT, respectively. TCV _IGBT

and TCR_IGBT are the temperature coefficients of the IGBT’s
knee voltage and equivalent ON-state resistance, respectively.
TCR_MOS is the temperature coefficient of the SiC MOSFET’s
ON-state resistance. The temperature coefficient of the ON-state
characteristic can be calculated from 25 °C, and the hot values
from the datasheets of the IGBT and SiC MOSFET, e.g., for
TCR_MOS, applies:

TCR_MOS =
Rds(150

◦C)−Rds(25
◦C)

150 ◦C− 25 ◦C
. (8)

Fig. 3. Turn-ON switching losses of the Si/SiC hybrid switch as a function of
the turn-ON delay time between the Si IGBT and SiC MOSFET Ton_delay.

Consequently, the conduction losses of the two internal de-
vices of the hybrid switch are the function of the SiC MOSFET’s
chip area and its own junction temperature, which can be ex-
pressed as follows:

Econd_MOS(A, IF , Tj_MOS)

=

{
I2MOS

•Rds(A, Tj); IF < Iknee

(MRce • IF+MV nee)
2 •Rds(A, Tj); IF ≥ Iknee

(9)

Econd_IGBT(A, IF , Tj_IGBT)

=

⎧⎪⎨
⎪⎩

0; IF < Iknee

(MRds • IF−MV nee)

• [Vknee + (MRds • IF−MV nee) •Rce] ; IF ≥ Iknee
(10)

where MRce, MRds, and MVnee are expressed as

MRds(A, Tj) =
Rds(A, Tj)

Rce +Rds(A, Tj)

MRce(A, Tj) =
Rce

Rce +Rds(A, Tj)

MV nee(A, Tj) =
Vknee

Rce +Rds(A, Tj)

B. Turn-On Switching Loss

Fig. 3 shows the exemplar measured turn-ON switching loss
of the hybrid switch at various turn-ON delay times in a double-
pulse-clamped inductive load circuit with a dc-link voltage of
600 V and a load current of 25 A at room temperature. The
tested hybrid switch is consisted of the CREE 1200 V/12.5 A
SiC MOSFET (C2M0160120D) and Infineon 1200 V/25 A Si
IGBT (IGW25N120H3). The freewheeling diode is 1200 V/24 A
SiC Schottky Diode (C4D15120D). The Eon_hard_MOS and
Eon_hard_IGBT are the hard-switching turn-ON losses of the SiC
MOSFET and IGBT, respectively. The total turn-ON switching
loss of the hybrid switch is the sum of the two internal devices’
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TABLE I
PARAMETERS OF POWER LOSS MODEL

turn-ON loss and shown as

Eon(Ton_delay)=Eon_MOS(Ton_delay) + Eon_IGBT(Ton_delay)
(11)

where Eon,Eon_MOS, andEon_IGBT are the total turn-ON switch-
ing losses of the entire hybrid switch, the SiC MOSFET, and the
IGBT, respectively.

First, we will consider that the switching process is solely un-
dertaken by either device (the IGBT or the SiC MOSFET) when an
absolute magnitude of the gate turn-ON delay time is sufficiently
large, say either within the interval (−�, −ton_1) or (ton_2,
+�). In this case, almost all the switching loss of the hybrid
switch is attributable to the one subject to the hard-switching
because the other one undertakes a ZVS. The forward current IF ,
the dc-link voltage Vdc, and the junction temperatures of the
devices all have the impact on the hard-switching turn-ON loss
of the SiC MOSFET and the IGBT in their switching processes. In
[21], the non-linear approximation method was presented for the
switching loss based on the specified operating point and scaling
it to the desired or actual operation point. An empirical formula
giving the hard-switching turn-ON loss of the SiC MOSFET based
on the non-linear approximation is given as

Eon_hard_MOS(IF , Tj)

= Eon_MOS_ref

(
IF
Iref

)cI_MOS
(
VDC

Vref

)dV _MOS

× (1 + TCS_on_MOS(Tj_MOS − Tj_ref)) (12)

where Eon_MOS_ref , Iref, Vref, and Tj_ref are the references of
the turn-ON loss, the forward current, the dc- link voltage, and
the junction temperature of the SiC MOSFET, respectively, ob-
tained at specific operating conditions according to the datasheet.
cI_MOS and dV _MOS are the exponent coefficients of the correc-
tion factors for the hard turn-ON switching loss of SiC MOSFET

on load current and dc voltage, respectively. These parameters
are empirically determined correction coefficients. Tcs_on_MOS

is the temperature coefficient for the SiC MOSFET, which can
be extracted from the manufacture’s datasheet. Their values are
shown in Table I. A similar formula giving the hard-switching

turn-ON loss of the IGBT can be found as

Eon_hard_IGBT(IF , Tj)

= Eon_IGBT_ref

(
IF
Iref

)cI_IGBT
(
VDC

Vref

)dV _IGBT

× (1 + TCS_on_IGBT(Tj_IGBT − Tj_ref)). (13)

Similar to the conduction losses, the hard-switching turn-ON

losses are adapted with the chip area. The hard-switching turn-
ON loss of the SiC MOSFET can be approximated with a linear
model of the chip area [20] at given Vdc as

Eon_hard_MOS(A, IF , Tj_MOS)

=(MonA+Non)Eon_MOS_ref

(
IF
Iref

)cI_MOS
(
VDC

Vref

)dV _MOS

× (1 + TCS_on_MOS(Tj_MOS − Tj_ref)) (14)

where Mon and Non are the coefficients of the linear approxi-
mation of the dependency of the SiC MOSFET’s switching losses
on its chip area. Their values can be extracted from the series
different current rating SiC MOSFETs. The gate resistance Rg

and gate drive voltage Vg also have influence on the switching
device’s power loss. A typical gate resistance and gate drive
voltage of IGBTs or MOSFETs are selected and kept constant
in most cases of power converters. This article focuses on the
discussion of complicated multi-variable input problem and
multiobjective optimization, including Ton_delay, Toff_delay, SiC
MOSFET chip size, dc voltage, load current, and junction temper-
atures. Therefore, the influence of gate resistance and gate drive
voltage of the SiC MOSFET is not discussed in order to simplify
the analysis of the loss model. Their values are considered as
the same with the datasheet recommended.

Second, we will derive the switching ON loss that is jointly
attributable to both devices when the gate turn-ON delay time is
between [−ton_1, ton_2]. The SiC MOSFET’s switching ON loss
increases with the gate turn-ON delay time from −ton_1 to ton_2,
while the IGBT’s switching ON loss decreases. A local minimal
value of the total switching ON loss of the hybrid switch results
in zero delay time. This is because the current rise (di/dt) of the
IGBT and the SiC MOSFET has overlap, leading to a higher di/dt
of the hybrid switch than other two cases at the small magnitude
of the gate turn-ON delay time. The switching ON loss of the SiC
MOSFET and the IGBT during this turn-ON delay time interval
can be expressed using the second-order polynomial functions
of Ton_delay, which appear as follows:

Eon_MOS(A, Ton_delay) = Eon_hard_MOS(A)

× [a1T
2
on_delay + b1Ton_delay + c1] (15)

Eon_IGBT(Ton_delay) = Eon_hard_IGBT

× [a2T
2
on_delay + b2Ton_delay + c2] (16)
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where the parameters can be expressed as

a1 = 1
(ton_1 + ton_2)

2 a2 = 1
(ton_1 + ton_2)

2

b1 = 2ton_1a1 ; b2 = −2ton_2a2

c1 = t2
on_1

a1 c2 = t2
on_2

a2.

Therefore, the turn-ON switching losses of the hybrid switch
at varying SiC MOSFET’s chip areas can be expressed as

Eon_MOS(A, Ton_delay) =⎧⎪⎪⎨
⎪⎪⎩

0, Ton_delay∈(−∞,−ton_1)
(MonA+Non)Eon_hard_MOS

× (a1T
2
on_delay+b1Ton_delay+c1)

, Ton_delay∈ [−ton_1, ton_2]

(MonA+Non)Eon_hard_MOS, Ton_delay ∈ (ton_2,+∞)

(17)

Eon_IGBT(Ton_delay) =⎧⎪⎪⎪⎨
⎪⎪⎪⎩

Eon_hard_IGBT, Ton_delay ∈ (−∞,−ton_1)

Eon_hard_IGBT(a2T
2
on_delay

+b2Ton_delay + c2), Ton_delay ∈ [−ton_1, ton_2]

0, Ton_delay ∈ (−∞,−ton_1).

(18)

C. Turn-Off Switching Loss

Based on the above analysis for the turn-ON transition, the
following equations for calculating the turn-OFF losses can be
derived in a similar fashion. To reduce the typically large turn-
OFF loss of the IGBT due to its tail current, a ZVS IGBT turn-OFF

prior to the SiC MOSFET is preferred, as shown in Fig. 2. The
total turn-OFF loss of the hybrid switch is expressed as

Eoff(Toff_delay)=Eoff_MOS(Toff_delay)+Eoff_IGBT(Toff_delay)
(19)

where Es_off is the total turn-OFF switching loss of the hybrid
switch, and Eoff_MOS and Eoff_IGBT are the turn-OFF switching
loss of the SiC MOSFET and IGBT, respectively. The total turn-
OFF switching loss of the SiC MOSFET consists of the hard turn-
OFF switching loss and the additional conduction loss during the
short gate turn-OFF delay time, which can be expressed as

Eoff_MOS(Toff_delay) = Eoff_hard_MOS

+ΔEcond_MOS(Toff_delay) (20)

where Eoff_hard_MOS is the hard turn-OFF switching loss and
ΔEcond_MOS is the additional conduction loss. Similar to the
hard turn-ON switching loss of the SiC MOSFET, the turn-OFF

switching loss of the SiC MOSFET can be given as

Eoff_hard_MOS(A, IF , Tj)(MoffA+Noff)

× Eoff_MOS_ref

(
IF
Iref

)aI_MOS
(
VDC

Vref

)bV _MOS

× [1 + TCS_off_MOS(Tj_MOS − Tj_ref)] (21)

where Moff and Noff are the coefficients of the linear approxi-
mation. Since the SiC MOSFET conducts 100% forward current
during the gate turn-OFF delay time, the additional conduction
loss ΔEcond_MOS could be modeled as a linear function of the

Fig. 4. IGBT turn-OFF switching loss as a function of the turn-OFF delay time
between the Si IGBT and SiC MOSFET Toff_delay.

gate turn-OFF delay time Toff_delay, which is expressed as

ΔEcond_MOS(A, Toff_delay) =
[
I2
F
·Rds(A)

]
Toff_delay (22)

The additional conduction loss is also strongly affected by the
SiC MOSFET’s chip area because the ON-state resistance of the
SiC MOSFET is inversely proportional to its chip area.

The IGBT is turned OFF without undertaking high voltage
since the SiC MOSFET is still conducted when using the gate
control patterns, as shown in Fig. 2. The large amount of stored
charge in N-base region of the IGBT decreases exponentially
due to the minority carrier recombination during the gate turn-
OFF delay time [8]. Fig. 4 shows the typical dependency of the
IGBT’s turn-OFF switching loss on its gate signal’s turn-OFF

delay time.
The turn-OFF switching loss of the IGBT can be modeled as

Eoff_IGBT (Toff_delay)

= (Eoff_hard_IGBT − Eres)e
−τ •Toff_delay + Eres (23)

where Eres is the residual turn-OFF switching loss of the IGBT,
and τ is the exponential time constant for the dependency of
the IGBT’s switching OFF loss on the gate turn-OFF delay time.
Eoff_hard_IGBT is the hard turn-OFF switching loss of the IGBT
at a certain forward current.

The Eres is caused by which the IGBT has to undertake the
dc-link voltage and remove the remaining plasma when the SiC
MOSFET is hard switching OFF [22]. The magnitude of Eres is
mainly influenced by the dc-link voltage. When the gate turn-
OFF delay time between the IGBT and the SiC MOSFET is long
enough, the magnitude of Eres is almost constant at the certain
dc-link voltage. When the gate turn-OFF delay time is zero or
negative, the IGBT is hard switching OFF. Similar to the hard
turn-ON switching loss of the IGBT, the hard turn-OFF switching
loss of the IGBT can be given as

Eoff_hard_IGBT(IIGBT, Tj)

= Eoff_hard_IGBT_ref

(
IIGBT

Iref

)aI_IGBT
(
VDC

Vref

)bV _IGBT

× [1 + TCS_off_IGBT(Tj_IGBT − Tj_ref)]. (24)
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Fig. 5. SiC MOSFET thermal resistance as a function of its chip size (from
Wolfspeed datasheets).

In this article, the Wolfspeed TO-247 package C2M series SiC
MOSFET and the Infineon Si IGBT: IGW25N120H3 are used to
extract parameters in the power loss model. The values of the
coefficients in the power loss model are shown in Table I.

Therefore, neglecting the load current ripple, the total power
loss of the SiC MOSFET and the IGBT in the dc–dc buck converter
could be expressed as

Ploss_MOS(A, Ton_delay, Toff_delay)

= (D − fswToff_delay)Econd_MOS

+ fsw(Eoff_MOS + Eon_MOS) (25)

Ploss_IGBT(A, Ton_delay, Toff_delay)

= (D − fswToff_delay)Econd_IGBT

+ fsw(Eon_IGBT + Eoff_IGBT) (26)

where D is the duty cycle of the dc–dc buck converter and the fsw
is the switching frequency. Equations (25) and (26) show that
the power losses of the SiC MOSFET and IGBT are functions of
the gate control delay times and the internal SiC MOSFET’s chip
area. As the junction temperature of the SiC MOSFET and IGBT
is dependent on their power loss, their junction temperatures are
strongly affected by SiC MOSFET’s chip area too.

D. Thermal Resistance Model

The thermal resistance of the SiC MOSFET is determined by
its chip area and the package. The Wolfspeed TO-247 package
C2M series SiC MOSFET’s typical dependency between the chip
area and the thermal resistance from junction to case is shown
in Fig. 5.

Using a curve-fitting method, the chip-area-based thermal
resistance can be modeled as

Rth_jc(A) = MRth •
K

W •mm2
• (λA •A)−NRth (27)

where MRth and NRth are curve-fitting parameters. Since A is
the active chip area of the SiC MOSFET, its thermal resistance
is related to its total chip areas. Therefore, λA is the coefficient

TABLE II
Si/SiC HYBRID SWITCH CASE STUDIES

between the active chip area and the total chip area, which is
about 1.2 in this experiment. In the steady-state operation, the
relationship of the SiC MOSFET’s average junction temperature
and its power loss is expressed as

Tj = Tc +Rth_jc •Ploss_MOS (28)

where Tc is the case temperature of the SiC MOSFET. Based on
(28), the dependency of the hybrid switch’s junction tempera-
tures on the varying SiC MOSFET chip area can be estimated.

III. EXPERIMENTAL MODEL VALIDATION

The objective of this section is to experimentally validate
the proposed power loss model through both double pulse
testing and dc–dc buck converters. In this article, three hybrid
switches (each with a different SiC chip size) are composed for
behavior characterization. An Infineon 1200 V/25 A Si IGBT
(IGW25N120H3) is selected as the main IGBT in these three
hybrid switches, while three Wolfspeed SiC MOSFETs as an
auxiliary part are used as shown in Table II. The electrical and
thermal parameters for modeling are extracted from correspond-
ing manufacture datasheet of discrete-packaged devices and bare
dies. The IGBT’s chip area is 25 mm2. The IGBT is rated at
25 A under 100 °C of the case temperature, while three SiC
MOSFETs are rated at 6 A, 12.5 A, and 24 A, respectively, under
the same case temperature. The chip areas pertaining to them
are 2.85 mm2, 6.29 mm2, and 10.42 mm2, respectively.

A. Conduction and Switching Losses

The forward conduction (output characteristic) curves for the
three hybrid switches under both 25 and 150 °C case tempera-
tures are shown in Fig. 6(a) and (b), respectively. The solid and
dotted lines are denoting the measured and modeling forward
output characteristics, respectively. A large discrepancy could be
evidenced around the intercept of Vknee because the exponential
function of actual IGBT output characteristic was neglected by
the approximation. A good match for the rest of the output
characteristics can be observed that account for the variation
of chip areas of the auxiliary SiC MOSFET and case temperature
differences.

To validate the switching loss model of the hybrid switch, the
three hybrid switches were characterized with a double pulse test
at 600 V dc voltage and 25 A load current at room temperature
(25 °C). The gate resistance and gate drive voltage of the SiC
MOSFET are 2.5 Ω and +20 V/−5 V, and the IGBT are 22 Ω and
+15 V/−5 V, which are the same with their datasheet recom-
mended. Fig. 7 compares the measured and modeled minimal
total turn-ON loss of the three hybrid switches (each with a dif-
ferent SiC chip size) under an optimum gate turn-ON delay time.
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Fig. 6. Comparison of measured and modeled forward I–V characteristics of
three hybrid switches at (a) 25 °C and (b) 150 °C.

Ton_delay_m and Ton_delay_c are the corresponding optimal gate
turn-ON delay time for the measured and calculated cases, re-
spectively. The minimum turn-ON losses of the Si/SiC hybrid
switches decreases significantly with increasing SiC MOSFET

chip area. This is because the turn-ON speed of the hybrid switch
during the turn-ON process is slightly increased with the increase
of the SiC MOSFET chip size.

Fig. 8 compares the measured and calculated minimal total
turn-OFF losses of the three hybrid switches under an optimum
gate turn-OFF delay time. Note that the total turn-OFF loss for
the SiC MOSFET also includes its conduction loss during the
turn-OFF delay time period. Toff_delay_m and Toff_delay_c are the
corresponding measured optimal gate turn-OFF delay time and
calculated optimal gate turn-OFF delay time, respectively. The
total turn-OFF loss of the three hybrid switches decreases with
increasing SiC MOSFET chip area because of two factors. First,
the SiC MOSFET’s additional conduction loss ΔEc_off during
the turn-OFF delay decreases with increasing chip size. Second,
IGBT’s share of the load current decreases with the increase of
the SiC MOSFET chip size inducing the turn-OFF loss Eoff_IGBT

to be decreased with the increasing of SiC MOSFET chip
size.

Fig. 7. Comparison of the measured and simulated minimum turn-ON switch-
ing loss and optimized Ton_delay.

Fig. 8. Comparison of the measured and simulated minimum turn-OFF switch-
ing loss and optimized Toff_delay .

B. DC–DC Buck Converter Case Study

In order to investigate the hybrid switch performance at dif-
ferent SiC chip size in an actual power electronic application,
we build a dc–dc buck converter using the three hybrid switches.
The impact of the SiC MOSFET’s chip size on the efficiency and
thermal behaviors is studied.

The switching frequency, input voltage, and output voltage of
the dc–dc buck converter is 20 kHz, 600 V, and 300 V, respec-
tively. A 30% ripple current level is achieved with a 1-mH filter
inductor. The CREE 1200 V/24 A C4D15120D Silicon Carbide
Schottky Diode is used as the low side freewheeling diode in the
buck converter. The conversion efficiency of the hybrid switch
converter is measured by the power analyzer ZIMMER LMG640
and the case temperatures of both devices are measured by an
infrared camera of FLIR A655sc, as shown in Fig. 9. The RC
network is used to estimate the junction temperatures of the
hybrid switch. In the steady state, the simplified RC thermal
equivalent circuit of the hybrid switch is shown in Fig. 10, where
Ta is the ambient temperature, andRth(c−a) is the device case to
ambient thermal resistance, which is determined by the cooling
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Fig. 9. Prototype of the hybrid switch dc–dc converter.

Fig. 10. Simplified thermal equivalent circuit diagram of the hybrid switch.

strategy adopted by the converter. In order to calculate the power
loss and junction temperatures of the hybrid switch in converter
applications, Rth(c−a) should be known.

If we first estimated the junction temperatures of the hybrid
switch using (28) based on the measured power loss and case
temperatures, Rth(c−a) can be estimated as

Rth(c−a) =
Tj − Ta

Ploss
−Rth(j−c) (29)

In this experiment, the estimated Rth(c−a) is about 1.6 K/W.
By applying the optimal gate turn-ON and turn-OFF delay

times as shown in Figs. 7 and 8, the measured efficiencies of
the buck converter under a 7.5-kW output power for the three
types of hybrid switches are 97.53% (A = 2.85 mm2), 98.093%
(A = 6.29 mm2), and 98.233% (A = 10.42 mm2), respectively.
The efficiency improves with the increase of the SiC MOSFET’s
chip size. The power losses and junction temperatures with
respect to the three hybrid switches are shown in Fig. 11(a)
and (b), respectively. The solid and dotted lines denote the
measured and calculated results, respectively. Ploss_MOS_m and
Ploss_IGBT_m are the measured power loss of the SiC MOSFET

and IGBT, respectively, which are obtained by the integral of the
product of measured voltage and current waveforms over a duty
cycle in the steady state. The junction temperatures (Tj_MOS_m

Fig. 11. Comparison of the measured and modeled junction temperature and
power loss of the hybrid switch under steady-state operation of the dc–dc buck
converter. (a) Power loss. (b) Junction temperature.

and Tj_IGBT_m) of the SiC MOSFET and IGBT are estimated
based on the power losses and case temperatures, respectively.
Ploss_MOS_c and Ploss_IGBT_c are calculated power loss based
on the power loss model, and Tj_MOS_c and Tj_IGBT_c are the
calculated junction temperatures based on the calculated power
loss.

When the SiC MOSFET chip area is 2.85 mm2, the power loss
of the IGBT is higher than that of the SiC MOSFET. It is because
the turn-OFF switching loss and the conduction loss of the IGBT
are large at the small chip area SiC MOSFET condition. Though
the power loss of the IGBT is larger than the SiC MOSFET,
IGBT’s junction temperature is still lower than that of the SiC
MOSFET due to the small thermal resistance of the IGBT. When
the SiC MOSFET’s chip area increases from 2.85 to 6.29 mm2,
the estimated junction temperature of the SiC MOSFET decreases
from 127 to 82 °C, and the IGBT decreases from 102 to 71 °C.
The corresponding power loss of the SiC MOSFET decreases
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from 33.4 to 22.5 W, and the power loss of the IGBT decreases
from 40.1 to 18.6 W. The junction temperatures of the hybrid
switch’s two internal devices are dramatically decreased when
the SiC MOSFET’s chip area increases from 2.85 to 6.29 mm2.
However, the improvement is step down when the SiC MOSFET’s
chip area increases from 6.29 to 10.42 mm2. The estimated
junction temperature of the SiC MOSFET decreases from 82 to
64.5 °C, and the IGBT decreases from 71 to 57 °C, when the
SiC MOSFET’s chip area increases from 6.29 to 10.42 mm2.
The corresponding power loss of the SiC MOSFET and IGBT
only decreases by 5 W and 4.4 W, respectively. The small
difference between the measured and simulated results indicates
the validation of the power loss model.

IV. DEVICE SIZING OPTIMIZATION METHODOLOGY

The objective of this section is to develop a methodology to
minimize SiC device size while optimizing total IGBT/MOSFET

power loss and ensuring maximum junction temperature still
below a specified value. Here, we select an IGBT with the
full current rating of the hybrid switch since the cost of the
IGBT is relatively insignificant. A small SiC MOSFET device
size will lower the switch cost, but result in an overheated SiC
chip and/or high total loss for the hybrid switch. Furthermore,
the gate control delay times also affect the total power loss
and junction temperature of the hybrid switch. This is a very
complex multivariable optimization problem which involves
not only SiC die size but also its gate control delay times.
Therefore, we propose a methodology using the aforementioned
loss model to minimize SiC device size while optimizing total
power loss and ensuring maximum junction temperature still
below 150 °C, as shown in Fig. 12. The methodology is divided
into three main steps to clearly illustrate the process of selecting
the optimal SiC chip area. In the first step, the power losses and
junction temperatures of the hybrid switch at different Ton_delay,
Toff_delay, and different SiC MOSFET chip areas are calculated.
In the second step, the common optimal Ton_delay and Toff_delay

ranges at different SiC MOSFET chip size are identified based on
the calculated power loss from the first step. In the third step,
the minimum SiC MOSFET chip size is identified according to a
criteria with a maximum junction temperature less than 150 °C
while operating within the optimal delay time ranges identified
from the second step.

In this experiment, the Infineon 1200 V/25 A Si IGBT
(IGW25N120H3) is selected as the main IGBT. The interval
of the Ton_delay and Toff_delay is set as Ton_delay�[−0.25 μs,
0.25μs], Toff_delay�[0μs, 2μs]. The duty cycle, dc voltage, and
forward current of the hybrid switch are set as 50%, 600 V, and
25 A, respectively. The different case temperatures represent the
different cooling condition of the hybrid switch based buck con-
verter. For example, Tc = 50 °C represents the converter using
a bulky cooling system to keep the hybrid switch at low under a
low-case-temperature condition. AndTc= 100 °C represents the
converter using a lighter cooling system. Considering the worst
operation conditions of the SiC MOSFET in the real applications,
the case temperature of the two devices is set 100 °C.

Fig. 12. Methodology for optimizing SiC device size of Si/SiC hybrid switch.

In the first step, the power losses and junction temperatures
of the hybrid switch at different delay times and different SiC
MOSFET chip area are calculated. Ton_delay, Toff_delay, and SiC
MOSFET chip area are the main parameters that strongly affect
the power losses and junction temperatures of the hybrid switch.
At the given Ton_delay, Toff_delay, and SiC MOSFET chip area,
the power losses and junction temperature of the hybrid switch
can be calculated based on the power loss model. As shown in
Fig. 12, a three-layer loop is used to calculate the power losses
and junction temperatures of the hybrid switch at different SiC
MOSFET chip areas and different delay times (includingTon_delay

andToff_delay). Because the power loss and junction temperature
of the device are coupled, in order to obtain the precise power
loss and junction temperature of the hybrid switch, the power
loss and junction temperature can be obtained in an iterative
manner. In the first iteration, the power loss is calculated based on
the case temperature, and then a new and more precise junction
temperature can be obtained using this calculated power loss,
then the new power loss can be calculated based on this new
junction temperature. After several iterations, the final power
loss value and junction temperature will be reached.

Based on this method, Fig. 13 shows the total power loss
of the hybrid switch at different SiC MOSFET chip areas and
different gate control delay times. The x-axis and y-axis represent
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Fig. 13. Calculated power loss of a hybrid switch at different gate control
delay times and SiC MOSFET chip areas.

Ton_delay and Toff_delay, respectively. In addition, the z-axis is
the total power loss of the hybrid switch. In Fig. 13, three SiC
MOSFET chip areas within a wide range are chosen to show the
overall power loss distribution of the hybrid switch as a function
of SiC MOSFET chip area.

Generally, the total power loss of the hybrid switch is in-
creased with the decrease of the SiC MOSFET chip size because
the large chip size SiC MOSFET has smaller conduction and
switching losses. The effects of the gate control delay times on
the total power loss of the hybrid switch are more complicated
than that of the SiC MOSFET chip size. The hybrid switch’s total
power loss under positive gate turn-ON delay time is obviously
smaller than that under negative gate turn-ON delay time because
the hard turn-ON switching loss of the SiC MOSFET is smaller than
that of the IGBT. The hybrid switch’s total power loss decreases
first and then increases with the increase of the gate turn-OFF

delay time. It is because although the IGBT’s turn-OFF loss is
decreased with the increase of the gate turn-OFF delay time,
the SiC MOSFET’s additional conduction loss is increased with
the gate turn-OFF delay time. When the gate delay times are
appropriate, the total power loss of the hybrid switch can be
minimized, as shown in Fig. 13.

Similarly, in Fig. 14, we choose several different SiC MOS-
FET areas within a wide range to show the dependency of the
hybrid switch’s junction temperature distribution on the SiC
MOSFET chip area. The x-axis and y-axis represent Ton_delay and
Toff_delay, respectively. In addition, the z-axis is the maximum
junction temperature of the hybrid switch.

The maximum junction temperature of the hybrid switch is
dramatically decreased with the increase of the SiC MOSFET

chip size, as shown in Fig. 14. This is because of the smaller
total power loss and larger thermal resistance of the SiC MOSFET

under the larger SiC MOSFET chip size. The gate control delay
times strongly affect the hybrid switch’s maximum junction
temperature too. When the gate turn-ON and turn-OFF delay
times are large, the junction temperature of the hybrid switch
is large because the small chip size SiC MOSFET undertakes the

Fig. 14. Junction temperature of hybrid switch at different gate control delay
times and SiC MOSFET chip areas.

Fig. 15. Optimal range of gate control delay times of the hybrid switch for a
total power loss within 5% of the minimum value (< = 105% of the absolute
minimum value).

hard turn-ON switching loss and large additional conduction loss.
The maximum junction temperature of the hybrid switch may
be higher than the 150 °C with the decrease of the SiC MOSFET

under some specific gate delay time range.
In the second step, the optimal gate control delay times to

achieve the minimum total power loss of the hybrid switch
at different SiC MOSFET chip size are identified based on the
calculated power loss from the first step. From the practical
application consideration, the optimal gate control delay times to
achieve the minimum total power loss should be within a range
to provide some engineering margin for hybrid-switch-based
converter design. It is because the cooling conditions, driver so-
lutions, and system stray inductance in the actual hybrid-switch-
based converter applications may be different to the simulation
conditions. Therefore, as shown in Fig. 15, the optimal common
gate control delay time range can be identified for the hybrid
switch to achieve the minimum total power loss (within a margin
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Fig. 16. Minimum SiC MOSFET chip size optimization (reducing the SiC chip
size as small as possible while ensuring the optimal delay time range below
150 °C).

of 5%) at different SiC MOSFET chip sizes. The small overlap area
of the gate turn-ON and turn-OFF delay times offers the minimal
total power loss of the hybrid switch under different SiC MOSFET

chip sizes.
In the third step, the junction temperature of the hybrid switch

when operating within the optimal gate control delay time range
identified from the previous step is studied, and the minimized
SiC chip size is identified, which offers a maximum junction
temperature less than 150 °C while operating within the optimal
range of gate delay times from the previous step. Fig. 16 shows
the corresponding Ton_delay and Toff_delay distribution when the
maximum junction temperature of the hybrid switch is equal to
150 °C under different SiC MOSFET chip size.

When the gate delay times are in the left of the lines, the
maximum junction temperature of the hybrid switch is below
150 °C, otherwise is higher than 150 °C. When the SiC MOSFET

chip size is very small such as 2.5 mm2, the optimal gate delay
times range (identified from the previous step) is out of the safe
junction temperature operation range. This is because the high
junction temperature of the SiC MOSFET is caused by its large
power loss and thermal resistance. With the increase of the SiC
chip size, the optimal gate delay time ranges are gradually in-
cluded within the safe operation delay time range. The minimum
SiC MOSFET chip size can be identified which offers a maximum
junction temperature less than 150 °C while operating within the
optimal delay time ranges. In this experiment, the minimum SiC
MOSFET chip size is about 4 mm2, as shown in Fig. 16, and the
corresponding current rating is about 9 A.

V. CONCLUSION

In this article, a generalized power loss model for the Si/SiC
hybrid switches with total power loss and junction temperature
as outputs and SiC device size as a continuous input variable
is proposed, and experimentally validated through both simple
double pulse testing and a dc–dc buck converter case study. The
influence of the turn-ON and turn-OFF gate control delay times

between the internal IGBT and SiC MOSFET on the total power
loss and maximum junction temperature of the hybrid switch in
the double pulse test and dc–dc buck converter is extensively
investigated by simulations and experimental studies.

Based on the power loss model, a methodology to minimize
the internal SiC MOSFET’s size while optimizing the total power
loss of hybrid switch and ensuring its maximum junction tem-
perature still below 150 °C is developed. It consists two main
steps. In the first step, the turn-ON and turn-OFF delay times
are optimized to a narrow range, which provides a minimum
total power loss (within a margin of 5%) within a wide range of
the SiC MOSFET chip size and offers some engineering margin
for hybrid switch gate driver design too in actual applications.
In the next step, a minimum SiC device size can be identified,
which offers a maximum junction temperature less than 150 °C
while operating within the optimal range of gate delay times
from the previous step. Using this method, the optimizing SiC
MOSFET device sizing can be obtained to achieve the optimized
cost-effectiveness of the hybrid switch in converter applications.

REFERENCES

[1] S. Hazra et al., “High switching performance of 1700-V, 50-A SiC power
MOSFET over Si IGBT/BiMOSFET for advanced power conversion
applications,” IEEE Trans. Power Electron., vol. 31, no. 7, pp. 4742–4754,
Jul. 2016.

[2] G. Wang, F. Wang, G. Magai, Y. Lei, A. Huang, and M. Das, “Performance
comparison of 1200 V 100 A SiC MOSFET and 1200 V 100 A silicon
IGBT,” in Proc. IEEE Energy Convers. Congr. Expo., Denver, CO, 2013,
pp. 3230–3234.

[3] M. Imaizumi and N. Miura, “Characteristics of 600, 1200, and 3300 V
planar SiC-MOSFETs for energy conversion applications,” IEEE Trans.
Electron. Devices, vol. 62, no. 2, pp. 390–395, Feb. 2015.

[4] A. Anthon, Z. Zhang, M. A. E. Andersen, D. G. Holmes, B. McGrath, and
C. A. Teixeira, “The benefits of SiC mosfets in a T-Type inverter for grid-tie
applications,” IEEE Trans. Power Electron., vol. 32, no. 4, pp. 2808–2821,
Apr. 2017.

[5] Q. X. Guan et al., “An extreme high efficient three-level active neutral-
point-clamped converter comprising SiC & Si hybrid power stage,” IEEE
Trans. Power Electron., vol. 33, no. 10, pp. 8341–8352, Oct. 2018.

[6] M. Rahimo et al., “Characterization of a silicon IGBT and silicon carbide
MOSFET cross-switch hybrid,” IEEE Trans. Power Electron., vol. 30,
no. 9, pp. 4638–4642, Sep. 2015.

[7] A. Q. Huang, X. Song, and L. Zhang, “6.5 kV Si/SiC hybrid power module:
An ideal next step?,” in Proc. IEEE Int. Workshop Integr. Power Package,
Chicago, IL, 2015, pp. 64–67.

[8] X. Song and A. Q. Huang, “6.5 kV FREEDM-Pair: Ideal high power switch
capitalizing on Si and SiC,” in Proc. 17th Eur. Conf. Power Electron. Appl.,
Geneva, 2015, pp. 1–9.

[9] R. A. Minamisawa, U. Vemulapati, A. Mihaila, C. Papadopoulos, and M.
Rahimo, “Current sharing behavior in Si IGBT and SiC MOSFET cross-
switch hybrid,” IEEE Electron. Device Lett., vol. 37, no. 9, pp. 1178–1180,
Sep. 2016.

[10] U. R. Vemulapati, A. Mihaila, R. A. Minamisawa, F. Canales, M. Rahimo,
and C. Papadopoulos, “Simulation and experimental results of 3.3 kV cross
switch “Si-IGBT and SiC-MOSFET” hybrid,” in Proc. 28th Int. Symp.
Power Semicond. Devices ICs, Prague, 2016, pp. 163–166.

[11] Y. Wang, N. Zhu, C. Yan, and D. Xu, “Efficiency improvement of 2-
and 3-level inverters for distributed photovoltaic application using hybrid
devices,” in Proc. IEEE 2nd Int. Future Energy Electron. Conf., Taipei,
2015, pp. 1–7.

[12] W. Zhang et al., “Investigation of cost-effective SiC based hybrid switch
and improved inductor design procedure for boost converter in electrical
vehicles application,” SAE Technical Papers, vol. 2, no. 2015, pp. 209–214,
2015.

[13] Z. Li, J. Wang, X. Jiang, Z. J. Shen, X. Yin, C. Zeng, L. Deng, “Optimal
control strategies for SiC MOSFET and Si IGBT based hybrid switch,” in
Proc. IEEE Appl. Power Electron. Conf. Expo., San Antonio, TX, 2018,
pp. 1717–1721.



LI et al.: POWER LOSS MODEL AND DEVICE SIZING OPTIMIZATION OF Si/SiC HYBRID SWITCHES 8523

[14] T. Zhao and J. He, “An optimal switching pattern for “SiC+Si” hybrid
device based voltage source converters,” in Proc. IEEE Appl. Power
Electron. Conf. Expo., Charlotte, NC, 2015, pp. 1276–1281.

[15] P. Ning, L. Li, X. Wen, and H. Cao, “A hybrid Si IGBT and SiC MOSFET
module development,” CES Trans. Elect. Mach. Syst., vol. 1, no. 4, pp. 360–
366, Dec. 2017.

[16] F. Yuan et al., “Sizing selection optimization of SiC/Si hybrid switch in
DC/DC buck converters,” in Proc. IEEE Energy Convers. Congr. Expo.,
Portland, OR, 2018, pp. 6160–6164.

[17] J. Wang, Z. Li, X. Jiang, C. Zeng, and Z. J. Shen, “Gate control optimization
of Si/SiC hybrid switch for junction temperature balance and power loss
reduction,” IEEE Trans. Power Electron., vol. 34, no. 2, pp. 1744–1754,
Feb. 2019.

[18] A. Deshpande and F. Luo, “Practical design considerations for a Si IGBT+
SiC MOSFET hybrid switch: Parasitic interconnect influences, cost, and
current ratio optimization,” IEEE Trans. Power Electron., vol. 34, no. 1,
pp. 724–737, Jan. 2019.

[19] A. Deshpande and F. Luo, “Design of a silicon-WBG hybrid switch,” in
Proc. IEEE 3rd Workshop Wide Bandgap Power Devices Appl., Blacks-
burg, VA, 2015, pp. 296–299.

[20] M. Schweizer, T. Friedli, and J. W. Kolar, “Comparative evaluation of ad-
vanced three-phase three-level inverter/converter topologies against two-
level systems,” IEEE Trans. Ind. Electron., vol. 60, no. 12, pp. 5515–5527,
Dec. 2013.

[21] A. Wintrich, U. Nicolai, W. Tursky, and T. Reimann, Application Manual
Power Semiconductors. Nuremberg Germany: SEMIKRON International
GmbH, 2015, pp. 275–277

[22] J. Fuhrmann, S. Klauke, and H. Eckel, “Passive IGBT turn-off during
short-circuit type V,” in Proc. PCIM Europe; Int. Exhib. Conf. Power
Electron., Intell. Motion, Renewable Energy Energy Manage., Nuremberg,
Germany, 2016, pp. 1–7.

Zongjian Li (Student Member, IEEE) received the
B.S. degree in electronic information engineering
from Hunan Normal University, Changsha, China,
in 2012, where he is currently working toward the
Ph.D. degree in electric engineering with the College
of Electrical and Information Engineering.

His research interests include silicon carbide power
electronic devices and their applications.

Jun Wang (Senior Member, IEEE) received the Ph.D.
degree in electrical engineering from North Carolina
State University, Raleigh, NC, USA, in 2010.

From 2010 to 2013, he was a Device Design
Engineer with Texas Instruments, Inc., Bethlehem,
PA, USA. He was a Professor with the College of
Electrical and Information Engineering, Hunan Uni-
versity, Changsha, China, in 2014. His research inter-
ests include power semiconductor devices and their
applications in power electronics systems.

Dr. Wang has been an Associate Editor for the IEEE
JOURNAL OF EMERGING AND SELECTED TOPICS IN POWER ELECTRONICS.

Bing Ji (Senior Member, IEEE) received the B.Eng.
degree in electrical engineering and English as his
double major from the Dalian University of Tech-
nology, Dalian, China, in 2004, and the M.Sc.(Dist.)
and Ph.D. degrees in power electronics both from
Newcastle University, Newcastle upon Tyne, U.K.,
in 2007 and 2012, respectively.

Since 2012, he has undertaken various research
roles in industry and academia. In 2015, he joined
the University of Leicester, as a Lecturer of Electrical
Power Engineering. His research interests include

reliable power semiconductor devices and modules, batteries and converters,
intelligent gate drivers, thermal management, virtual prototyping, and high
power-density converters in electric vehicles and aerospace applications.

Dr. Ji is also a member of the IET.

Z. John Shen (Fellow, IEEE) received the B.S. degree
from Tsinghua University, Beijing, China, in 1987,
and the M.S. and Ph.D. degrees from Rensselaer
Polytechnic Institute, Troy, NY, USA, in 1991 and
1994, respectively, all in electrical engineering.

From 1994 to 1999, he was a Senior Principal Staff
Scientist with Motorola. From 1999 to 2004, he was
a Faculty with the University of Michigan-Dearborn,
and then, from 2004 to 2012, with the University of
Central Florida. In 2013, he was the Grainger Chair
Professor in electrical and power engineering with the

Illinois Institute of Technology. Since 2007, he has held a courtesy professorship
with Hunan University, China, and since 2013, with Zhejiang University, China.

Dr. Shen is a recipient of the 2012 IEEE Region 3 Outstanding Engineer
Award, the 2003 NSF CAREER Award, the 2006 IEEE Transaction Paper
Award from IEEE Society of Power Electronics, the 2003 IEEE Best Automotive
Electronics Paper Award from IEEE Society of Vehicular Technology, and the
1996 Motorola Science and Technology Award. He was VP of Products 2009–
2012, Associate Editor, and Guest Editor-in-Chief of the IEEE TRANSACTIONS

ON POWER ELECTRONICS, and Technical Program Chair and General Chair of
several major IEEE conferences.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


