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Abstract—Series connection of SiC power MOSFET is an at-
tractive approach to expand the blocking voltage of SiC devices,
whereas the dynamic voltage balancing among the series-connected
devices is the most critical challenge of the technique. In this article,
a simple, fast, and cost-effective dynamic voltage balancing circuit
of the series-connected SiC MOSFETs is proposed to suppress the
voltage imbalance among the devices. The proposed circuit is com-
posed of a resistor-capacitor (RC) snubber with a coupled inductor
to effectively sense the voltage imbalance and add a compensated
signal to the gate driving voltage. In the article, the operation princi-
ple of the proposed method is described in detail and the parameter
selection of the circuit is given. Then the optimized layout of the
circuit in a typical half-bridge SiC power module is proposed to
reduce the stray parameters introduced by the coupled inductor
effectively. The proposed method is verified by experiments under
different conditions. Compared with a purely RC snubber balanc-
ing strategy, the capacitor can be significantly reduced. Since only
passive components are required in the feedback loop, the proposed
method demonstrates a reliable and straightforward approach to
achieve equal voltage sharing of the series-connected devices.

Index Terms—Medium-voltage converters, series connection,
SiC MOSFETs, SiC power module.

I. INTRODUCTION

M EDIUM voltage (MV) high power converters are widely
adopted in worldwide renewable energy generation,

variable frequency motor drive, supercharging stations, data
centers, and various applications. For the next-generation MV
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converters, high efficiency, high performance, and high power
are generally demanded in a wide range of applications. In
special applications, the power density or footprint is also
constrained, which are not commonly stressed in conventional
MV converters. To meet these requirements, SiC MOSFETs have
high switching frequency, high-temperature operation, and low
switching loss, which are hoping to significantly improve the
performance of the MV converters [1].

Currently, the technology of SiC power MOSFETs is improving
and the application in relatively low voltage classes, such as 1200
and 650 V, is booming in electric vehicles and other applications
[2]. However, there is still a lack of commercial high-power
devices comparable to Si-based high voltage high power devices.
Nowadays, although 10 and 15 kV SiC power devices from
companies are offered as samples [3], [4], there still exists a
series of challenges in the field application of the high voltage
high power devices [5], [6], such as the gate electrode reliability,
the dramatically increased specific on-state resistance, etc.

Series connection of the SiC power MOSFETs is viewed as
one of the effective methods to increase the voltage of SiC
MOSFETs-based power converters, which has benefits such as low
cost, high-power handling capability, and simple driving from
the upper level [5]. However, the critical challenge is the dynamic
voltage balancing among the devices, which is essential to
ensure the safe operation and the power loss balance. Compared
with the widely adopted series connection of Si IGBTs [7], the
series connection of SiC MOSFETs is more difficult due to the
extremely fast switching speed, which makes the voltage sharing
more sensitive to the uneven parameters or gate driving signals
mismatch among the devices. Besides, it is also reported that the
gate driver architectures and parasitic capacitors in the package
have influences on the voltage imbalance [8], [9].

Typically, passive snubbers such as parallel resistor-capacitor
(RC) snubber or improved snubbers are adopted in the series-
connected devices [10], [11]. The primary purpose is to reduce
the voltage slew rate or clamp the drain source voltage to avoid
overvoltage of the devices. Adopting the voltage clamping strat-
egy, a power module is proposed in [13] to realize a 3600 V/80 A
power module based on the series connection of 1200 V devices,
and the overvoltage is limited by the resistor-capacitor-diode
(RCD) clamping circuit. In some research works, the high
voltage fast speed switch is realized by series-connected SiC
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MOSFETs with only one gate driving signal [14], [15]. The block-
ing voltage is balanced by a relatively complex clamping circuit.
However, in the aforementioned methods, the parallel snubber
introduces extra switching loss. In [16], a voltage balancing
scheme based on energy recovery snubber circuits is proposed.
The close loop control over the snubber capacitor voltage is
required. Another type of series connection is adopting the
super cascade structure [6], [17], which utilizes a SiC MOSFET

with the SiC JFET to realize high blocking voltage devices
effectively. The drawback is that the turnon or turnoff of the
devices is determined by the load current and the switching
loss increases in light load conditions. In general, only adding
snubbers in the power loop requires a relatively large value of
the RC value, which has a significant influence on the original
switching trajectory of the SiC MOSFETs. Ideally, it is desired
that the behaviors of the series-connected device are the same as
the single device. Therefore, such influences should be reduced
as small as possible.

In contrast, considering the fact that SiC MOSFETs are fully
controllable power devices, it is capable of actively adjusting
the voltage imbalance by changing the gate driving voltages.
To begin with, the active gate driving time delay method is to
utilize the delayed time to adjust the voltage sharing during the
turnoff [18]. Typically, a voltage sensing circuit to measure the
blocking voltage and a central controller are required to handle
the delayed time [19]. Based on this strategy, the mechanism
of voltage balancing using driving signal time delay under
extremely fast switching conditions is giving and a lookup table
is adopted to generate the delayed time in [20]. Compared with
passive methods, this method does not bring extra power loss
to the power circuit. However, an extra central controller and
high-speed communication block in the gate driver are required,
which adds complexity and increases the cost.

Another type of solution is to adjust dv/dt during the turnoff
of the power device. With the certain strategy, it is realistic to
shape the voltage rising waveform by actively changing the gate
driving voltage [21]. In [22] and [23], changing the gate driving
resistance during different stages of the switching is adopted.
In [24], the active gate driving method is adopted to control the
voltage imbalance. In [25] and [26], the voltage imbalance is
found to be influenced by the parasitic capacitance of the gate
driver to the ground. Thus, an active compensation method is
adopted to compensate for the voltage imbalance. However, the
technique requires a high-speed sampling circuit due to the fast
switching speed, and it is challenging to tune the close loop
parameters.

Generally speaking, a preferred method to adjust the dv/dt
to balance the voltage among the devices should satisfy two
conditions. First, if the voltage sharing is ideally balanced, the
voltage balancing circuit should not impact the switching speed
of the devices. Second, the feedback loop must have sufficient
response speed [27]. For example, if the turnoff voltage rising
time of SiC MOSFET is 50 ns, the feedback loop should allow
such a high-speed signal to pass through the control loop. By
engineering experience, the bandwidth of the control loop should
be as high as 7 MHz (0.35/50 ns) [28], which brings a very
challenging issue on the control loop components, especially in
MV operation.

Fig. 1. Proposed voltage balancing circuit based on coupled inductor.

Considering these challenges, this article proposes a modified
RC snubber with the coupled inductor circuit to achieve the
dynamic voltage balancing [29]. On the basis of the conventional
RC snubber, a coupled inductor choke is adopted to sensing
the voltage imbalance and realize isolation at the same time.
Then the output of the auxiliary winding of the coupled inductor
is introduced to the driving voltage of the device to adjust the
voltage slew rate accordingly. The proposed method is purely
passive and with the proposed optimized design method, the
extremely fast response speed can be ensured.

The rest of this article is organized as follows. Section II gives
the topology of the proposed method and the operation principle.
Section III discusses the parameters design and optimized layout
of the proposed method. Section IV gives experimental results.
Finally, Section V presents the conclusion.

II. PROPOSED CIRCUIT AND OPERATING PRINCIPLE

In an ideal voltage balancing scheme for series connection
of the SiC MOSFETs, the fast response speed and limited nega-
tive influence on the normal driving of the devices are highly
demanded.

So far, compared with other types of voltage balancing
circuits, the successfully industrial-applied voltage balancing
circuit in the continuous switching scenarios (such as HVDC
and MV drive) is the RC snubber, attributing to its simple
and reliable structure. In the power circuit that comprises two
series-connected SiC power MOSFETs, a parallel RC snubber is
always added to achieve dynamic voltage balancing, whereas
the snubber capacitance preventing the fast switching speed of
the SiC MOSFETs [10].

Considering these facts, to reduce the demanded capacitance
in RC snubber, a coupled inductor is added with RC snubber
for isolation and sense of the voltage deviation. The proposed
circuit is demonstrated in Fig. 1.

In the proposed scheme, an extra three-port coupled inductor
links the two snubber circuits of the series-connected devices
together. Taking MOS1 for example, the terminals of the two
snubbers 1+, 1− and 2+, and 2− are connected to the two
windings of the coupled inductor and then parallel link back to
the source electrode of the power MOSFETs. The two windings,
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Fig. 2. Equivalent circuit of the series-connected SiC MOSFETs during drain
voltage rising period.

termed primary windings, have the same number of turns N1.
The currents flow through the two snubbers are is1 and is2
accordingly. The polarity of the current is arranged as that the
magnetic fields caused by is1 and is2 are in the opposite direction.
Another winding, called the secondary winding, is connected in
parallel to the gate driving resistorRg1. The number of secondary
turns is N2. The total gate driver resistor is divided into Rg1

and Rg2. Typically, Rg2 is the internal gate resistance of the
SiC power module. The magnetic inductance of the coupling
inductor is Lp and Lg accordingly.

In the following section, the functionality of the proposed cir-
cuit under the unbalanced condition and ideal balanced condition
will be discussed separately.

A. Functionality Under Unbalanced Voltage Condition

The voltage unbalance is caused by various factors. Apart
from the gate driving signals mismatch and the parameter varia-
tion of the power devices, there are also reports on the influence
of the parasitic capacitors in the circuit [8], [9]. In the analysis,
the gate driving time delay mismatch is taken as the example in
the following analysis. To begin with, assuming the time delay
among the two devices is Δt and the device parameters are the
same. The equivalent circuit of the series-connected device is
demonstrated in Fig. 2 and the approximation of the turnoff
waveform is demonstrated in Fig. 3. In the figure, a linearized
approximation of the waveforms is adopted to demonstrate
the operating principle [30]. It should be pointed out that the
approximated waveform ignores the fast-dynamic transition of
the SiC MOSFET and a constant Miller plateau is adopted. Further
advanced modeling of the Miller stage transition can improve
the accuracy of the analysis, which is ignored here for simplicity.
Generally, during the fast voltage rising period, the device can be
viewed as the gate voltage-controlled current source. The load
current iL is split into the channel current of the MOSFET and the
charging current of the parallel capacitance in this process.

Assuming Δt time delay among the two devices, as shown in
Fig. 3, after turn-OFF of the MOS1 at t1, the gate source voltage
of MOS1 decreases to the Miller plateau voltage Vmiller. At
t2, when the channel current cannot support the total output
current due to the decreasing gate source voltage, the device
channel current ich1 starts to decrease, and the equivalent parallel
capacitors, including the output capacitor of the devices and the
snubber capacitor, are charged by the partial load current. As a
result, the drain source voltage vds_H of MOS1 rises first. The

Fig. 3. Turn OFF waveform of the proposed circuit.

voltage change across the snubber induces the capacitor current
is1. After Δt, the voltage of MOS2 starts to rise and induces
is2. When the total drain source voltage increases to the dc bus
voltage at t3, the drain source voltage starts to oscillate and do
not illustrated in Fig. 3.

Since is1�is2, during the voltage transition of the drain
source voltage, the differential current generates the magnetic
field inside the magnetic core. And consequently, there is an
output current induced on the secondary winding of the coupled
inductor. The value of the output current ig_comp is proportional
to the deviation of the snubber current, namely

ig_comp =
N1

N2
(is1 − is2) . (1)

In this sense, the coupled inductor can be viewed as a differen-
tiate current transducer. The output current introduces an extra
compensation voltage vgs1_comp across the Rg1. The value is

vgs1_comp = Rg1
N1

N2
(is1 − is2) . (2)

The value of the compensation voltage directly reflects the
snubber current deviation. Considering that the snubber current
is determined by the drain source voltage, the compensated
voltage represents the deviation of the drain source voltage of the
MOSFETs indirectly. Since Rg1 is in series with the gate source
capacitor of the MOSFET, the compensation voltage caused by
the injected current is directly added to the gate voltage. As
demonstrated in Fig. 3, there is a positive signal vgs1_comp added
to the original gate voltage of MOS1 vgs1’. As a result, the
device current decreases slower compared with no compensation
conditions. Therefore, the charging current of the MOS1 snubber
will decrease and the drain voltage rising slew rate is reduced to
help the drain voltage of MOS1 “waiting for” the drain voltage
of the MOS2. A similar process happens to MOS2, where a
negative compensation voltage is added to the gate voltage and
consequently, the voltage rising speed is increased to “catch up
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Fig. 4. Equivalent circuit under ideal balanced conditions.

with” MOS1. Hence, the voltage imbalance between the two
devices is reduced.

B. Functionality Under Ideal Balanced Voltage Condition

When the voltage is balanced among the two devices, the
proposed circuit should not influence the switching trajectory
of the single device. According to the proposed scheme, this
contains two aspects, the influence on the gate driving and the
influence on the snubber circuit should be reduced with proper
design consideration.

The equivalent circuit under ideal balanced condition is given
in Fig. 4. Taking MOS1 for example, with the above-mentioned
circuit configuration, under ideal balanced voltage conditions,
is1 = is2. As a result, there is no magnetic field exists inside the
magnetic core and consequently, there is no voltage drop over the
primary winding of the coupled inductor. The coupled inductor
can be viewed as short-circuited in the loop. The snubber circuit
degrades to the simple RC snubber.

On the gate driver side, when is1 = is2 satisfies, there is no
output current of the secondary side turn of the coupled inductor.
As demonstrated in Fig. 4, the equivalent circuit contains the
magnetic inductor Lg in parallel with the gate resistor Rg1.
If Rg1 and Lg are properly selected, the influence of extra
parallel-connected Lg on the gate driving circuit can be handled
and the extra parallel inductor has little influence on the normal
switching of the device. The detailed parameter selection will
be discussed in the parameter design section.

C. Circuit for Multiple Devices in Series

The aforementioned analysis is based on two devices in series.
Furthermore, the proposed method is still valid for multiple
devices in series. The circuit is demonstrated in Fig. 5. The
main difference is that the coupled inductor of the first device
is connected to the first and second device snubbers. For the
nth power device, the coupled inductor is connected to the nth
and n+1th power device snubbers. With such configuration, the

Fig. 5. Circuit diagram for multiple devices in series.

gate source voltage of nth power device is adjusted to balance the
voltage sharing among the nth device and n+1th device. Orderly,
the voltage sharing of all the devices is balanced. Besides,
the last power device is connected to the last device snubber
and the first device snubber to achieve the symmetrical main
circuit parameters for all the devices. The operation principle of
multiple devices in series is similar to the two devices in series.
Thus, it is ignored here.

Moreover, although the above-mentioned analysis is using the
gate driving signal mismatch as an example, for other influential
factors, the voltage imbalance elimination effect is still valid
since the close loop compensation method is adopted in the
proposed method.

It can be concluded that the proposed strategy functions only
when there is a drain source voltage deviation among the devices.
When there is no drain source voltage imbalance, the proposed
circuit has little influence on the normal driving of the devices.
Besides, the feedback back loop is based on passive components.
Thus, it is possible to achieve fast response speed to ensure
proper tracking of the unbalanced voltage under extremely un-
balanced voltage conditions.

III. MODELING AND PARAMETERS DESIGN OF

PROPOSED CIRCUIT

Based on the working principle of the proposed voltage bal-
ancing method, in this section, the mathematical model is given
to assist the parameter design in applications.

Considering two devices in series, the equivalent circuit is
demonstrated in Fig. 2. In the following analysis, the resistor in
the snubber is ignored due to it is typically very small. Since
SiC MOSFETs are fully controllable power devices, during the
voltage rising period of the SiC MOSFETs, the channel current
ich of the two MOSFET devices satisfies [31]

ich = gs(vgs − Vth)
2 (3)

where gs is the transconductance of the SiC power MOSFETs
and Vth is the threshold voltage. Both parameters represent the
intrinsic characteristics of the device and can be extracted from
the datasheet. Since the external current iL is the same for the
series-connected devices, the voltage deviation is caused by the
different charging current of the parallel capacitors.



11212 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 36, NO. 10, OCTOBER 2021

Fig. 6. Close loop control diagram of the proposed circuit.

The differential drain voltage Δv satisfies

dΔv

dt
=

ich1 − ich2
Coss + Csnub

(4)

where Coss is the output capacitor of the SiC MOSFET and Csnub

is the snubber capacitor. It should be pointed out that Coss is a
nonlinear junction capacitance. In this article, Coss is selected
as the average junction capacitance to simplify the analysis.

As demonstrated in Fig. 3, in the proposed circuit, extra
feedback signal Δvgs_comp is added to the gate voltage, thus

dΔv

dt
=

gs(Vmiller−Vth+vgs_comp)
2−gs(Vmiller−Vth−vgs_comp)

2

Coss + Csnub

=
4gsvgs_comp (Vmiller − Vth)

Coss + Csnub
. (5)

Obviously, the voltage deviation is directly controlled by the
compensated gate voltage. If there is no proposed active voltage
balance circuit, the unbalanced voltage caused by the time delay
is a time-dependent function, namely

Δv (t) = Fturnoff (t,Δt) . (6)

The function Fturnoff (t) indicates the variation of the un-
balanced voltage with the time to the beginning of the turnoff
process. Generally, the analytical model of Fturnoff (t) is difficult
to acquire due to the nonlinear parameters of the device. From
another perspective, the voltage imbalance at the end of the
turnoff process can be selected as the criterion to evaluate the
performance of the voltage balancing method. In this article, the
nonlinear transition modeling of the voltage rising is ignored. In
this sense, the unbalanced voltage typically refers to the voltage
deviation when the drain source voltage rises to the dc bus
voltage. Previous analysis and experiments have verified that
the final imbalance voltage ΔV is proportional to the gate driver
time delay, namely, (6) can be simplified as

ΔV = KΔt (7)

where K is the proportional coefficient. Parameter K can be
acquired by experiments or analytically modeled from the pa-
rameters in the circuit [20].

Thus, the feedback control loop of the voltage imbalance in the
time domain is demonstrated in Fig. 6. As depicted, the feedback
signal is sampled by the snubber capacitor and through negative
feedback, the compensated signal is added to the gate source

voltage and modifies the channel current to change the charging
current of the parallel capacitors.

Assuming the voltage rising time is trv, based on the transfer
function, the time-dependent output deviation voltage is

Δv

= KΔt− N1Rg1

N2

4gsCsnub

(Coss + Csnub)

∫ t

0

(Vmiller − Vth)dΔv.

(8)

Considering that when the drain source voltage reaches the
dc bus voltage, the unbalanced voltage has the maximum value.
When t = trv, the final imbalance voltage ΔV is

ΔV =
KΔt

1 +
N1Rg1

N2

4gsCsnub(Vmiller−Vth)
(Coss+Csnub)

. (9)

Let

VIRR = 1 +
N1Rg1

N2

4gsCsnub (Vmiller − Vth)

(Coss + Csnub)
(10)

where VIRR is called the voltage imbalance rejection ratio. It
can be seen from (7) that when there is no proposed coupled
inductor, the imbalance voltage is KΔt. Therefore, parameter
VIRR indicates the ratio between the unbalanced voltage before
and after the proposed method. Or put it in another way, for
the desired VIS, VIRR offers another attenuation coefficient
abandoning the large snubber capacitor requirement.

Here, the physical meaning of VIRR is straightforward and
can be adopted to assess the voltage balancing performance.
For example, if VIRR = 100, the unbalanced voltage after the
proposed method is 1/100 of the unbalanced voltage without the
coupled inductor. In the selection of the VIRR, due to the various
influential factors exist in the real circuit, the selection should
be determined considering these factors. And a certain margin
is suggested based on the real application scenario.

Ideally, VIRR should be as large as possible. From the ex-
pression of the VIRR, the turns ratio of the coupled inductor,
the snubber capacitor, the gate driver resistor, and the device
parameters have a direct influence on the proposed method. By
proper selection of these parameters, the unbalanced voltage can
be effectively suppressed. Among these parameters,Rg1, Csnub,

and turns ratio can be flexibly defined by the users and will be
discussed in the following section.

IV. PARAMETERS AND PRACTICAL DESIGN CONSIDERATIONS

In this section, the practical design is discussed to achieve the
optimized performance of the coupled inductor based voltage
balancing circuit. To achieve the tradeoff between the voltage
balancing performance and switching loss reduction, the general
constraints in selecting the parameters should satisfy: first, the
snubber capacitor should be chosen as small as possible to reduce
the switching loss; second, the parasitic parameters in the loop
should be as small as possible to increase the response speed of
the dynamic voltage buffer.
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A. Voltage Balancing Coordination Between Snubber
Capacitor and the VIRR Parameter

It can be seen in VIRR expression that both the snubber
capacitor and the coupled inductor can be adopted to reduce
the voltage imbalance. Thus, there exists coordination between
the snubber capacitor value and the coupled inductor value. This
section gives a step by step parameter selection to achieve low
switching loss as well as reliable operation, judging from the
engineering perspective.

1) First, the snubber capacitor is selected to roughly tune the
unbalanced voltage. Basically, the blocking voltage of the
power devices, including the SiC MOSFETs and the body
diode, must be limited below the certain value to ensure
the power devices operates within the safe operation area
(SOA). To avoid the overvoltage protection triggering
in the gate driver of the power devices in the normal
operation, the snubber capacitor is selected to ensure that
the voltage of the power devices is limited within the SOA
without any active voltage balancing methods, which is in
case some extreme conditions where the active voltage
balancing circuit fails.

2) Second, the coupled inductor is designed to finely tune the
unbalanced voltage. It can be seen that only within SOA
is not enough. The equally important issue is to ensure
the precisely balanced voltage sharing among the power
devices to ensure the even power loss distribution, which
is critical to ensure longtime stable operation.

To achieve the above-mentioned process, the snubber ca-
pacitor is selected to limit the maximum voltage imbalance.
The relationship between the snubber capacitor and the voltage
imbalance should be obtained first. This can be acquired from the
results of the published literature [32]. In this article, the index
of the voltage imbalance, called voltage imbalance sensitivity
(VIS), is adopted to evaluate the performance of the voltage
imbalance. The VIS is defined as

VIS =
ΔV

Δt
. (11)

VIS has a clear physic meaning—the unbalanced voltage
caused by the unit gate driver time delay. A simple approxi-
mation of the VIS is [32]

VIS =
iL

2Csnub
(12)

where iL is the load current, which can be viewed as constant
in inductive load conditions. An example of the relationship
between the VIS and the iL curve is pictured in Fig. 7. Based on
the equation, if the desired VIS = 20 V/ns, which means 20 V
voltage deviation is caused by 1 ns delay in the gate driving
signals, the Csnub is selected under the maximum load current
conditions. In practice, the desired VIS is evaluated by the design
and the random distribution variation of the parameters. For
example, if the allowed maximum differential voltage among
the devices is 200 V, and the maximum time delay among all the
power devices is 10 ns, the desired VIS is 20 V/ns.

It should be pointed out that the model in (12) is deduced
under the linear model of the devices. In reality, the device model

Fig. 7. Relationship between VIS and the snubber capacitance. Coss = 1.5 nF.

is highly nonlinear and influenced by the error of the device’s
datasheet. The curve in Fig. 7 can also be directly measured from
a standard test, such as the double pulse test.

Then considering the proposed method is added to the circuit,
adopting (9), the modified VIS can be expressed as

VIS =
VISpre
VIRR

(13)

where VISpre is the VIS without the coupled inductor. It can
be seen that VIRR dramatically reduces the voltage imbalance.
Based on this parameter, the desired VIRR can be selected in
advance. For example, if the desired VIS with the proposed
method is to reduce the unbalanced voltage to 0.01 times of
the original VISpre, then VIRR = 100 is selected. Based on
(10), the circuit parameter satisfies

N1Rg1

N2
=
(Coss + Csnub) (VIRR− 1)

4gsCsnub (Vmiller − Vth)
. (14)

Then it comes to determine N1, N2, and Rg1. Considering
that Rg1 is the gate driver resistor, which is selected based on
the optimal switching of the power devices, such as reducing
the switching loss, limiting the di/dt etc., in this article, the gate
driving resistance is considered as a known parameter that it is
designed by other constraints, not for voltage balancing purpose.
Then Rg1 is calculated by gate resistance minus the internal gate
resistance of the power module.

Moreover, as given in Fig. 1, relatively high-voltage insulation
is required for the coupled inductor. To simplify the insulation
coordination design as well as reducing the parasitic capacitance
between the primary side and secondary side of the coupled
inductor, one or two turns of the secondary side is selected.
Since the secondary side turn number is relatively small, the
structure is simplified and the overlap between the primary side
and secondary side is reduced and consequently, the parasitic
capacitance of the coupled inductor is limited. As a result, the
primary side turns ratio N1 is calculated as

N1=
N2

Rg1

(Coss + Csnub) (VIRR− 1)

4gsCsnub (Vmiller − Vth)
. (15)

Besides, the coordination between Rg1 and Lg is important
to ensure reliable gate driving of the device. First, the potential
oscillation in the gate driving loop should be properly damped.
As demonstrated in Fig. 4, the gate loop circuit can be viewed as
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a second-order system in the frequency domain. The transfer
function between the gate source voltage vgs and the input
driving voltage vin is

vgs
vin

=
1 +

sLg

Rg1(
1 +

Rg2

Rg1

)
CgsLg · s2 +

(
Rg2Cgs +

Lg

Rg1

)
· s+ 1

.

(16)
The characteristic equation of the gate loop circuit is

Δ =

(
1 +

Rg2

Rg1

)
CgsLg · s2 +

(
Rg2Cgs +

Lg

Rg1

)
· s+ 1.

(17)
Since the inductor is added to the circuit, the important

consideration is that enough damping must be added into the
loop. The damping ratio ξ of the circuit is

ξ =
Rg2Cgs +

Lg

Rg1

2

√
LgCgs

(
1 +

Rg2

Rg1

) . (18)

Based on engineering experience, the critical damping ratio
ξ = 1 is adopted to avoid possible oscillation in the circuit.
Based on the aforementioned equation, the inductance can be
calculated by

Lg ≥ Rg1
2Cgs

⎛
⎝
√
1 +

(
Rg2

Rg1

)2

− 1

⎞
⎠ . (19)

In reality, Lg can be determined by the proper magnetic core
selection. It should be pointed out that the above-mentioned
analysis does not consider the Miller clamp effect when the
drain source voltage is fast rising. Since the gate source voltage is
clamped as nearly constant in this stage, the potential oscillation
can be ignored in the Miller clamp stage.

Moreover, another important consideration is the increased
switching speed due to the parallel inductor. In some cases,
the switching speed should be limited, considering the drain
source voltage overshoot and EMI issues. This can be solved by
adding small extra gate driver resistance in Rg2 to compensate
the switching speed slightly. Such selection can be tuned in a
double pulse test or with the help of the analytical model of the
SiC MOSFETs.

B. Layout Optimization

The above-mentioned analysis is under the ideal condition
without considering the stray parameters. However, there are
several nonideal parameters that may influence the performance
of the snubber. The most critical one is the parasitic leakage
inductance in the snubber circuit. Ideally, the leakage inductance
of the snubber circuit should be designed as small as possible to
reduce the impedance of the loop. However, in reality, during the
charging and discharging of the snubber capacitor, there exists
leakage inductance in the snubber loop.

Taking widely applied EconoDUAL type half-bridge pack-
age, for example, Fig. 8(a) and (b) demonstrates two possible
layout configurations of the RC snubber. The first one is to put
snubbers of the two devices on both sides of the module and the

Fig. 8. Optional layout illustration. (a) Snubber circuit on both sides of the
power module. (b) Snubber circuit on one side of the module.

Fig. 9. Equivalent circuit of layout (b) in Fig. 8.

second one is to place the snubbers on one side of the package.
It is obvious that the second option has a laminated busbar effect
that the magnetic fields generated in the snubber loop of the two
snubbers of the power devices are in the opposite direction. Thus,
they cancel each other to reduce the total leakage inductance in
the loop. This effect can be mathematically explained in Fig. 9.
There exists a negative mutual inductance that reduces the total
leakage inductance [12]. Herein, in practice, the layout (b) in
Fig. 8 is suggested. A similar layout concept can also be adapted
to other types of packages for the series connection of the power
devices.

Further, Fig. 10 presents a highly integrated layout of the
proposed voltage balancing circuit together with the snubbers.
In the proposed layout, the coupled inductor is inserted between
the power loops of the two snubbers. The winding of the coupled
inductor is connected to the snubbers’ wiring. With the proper
selection of the current direction, the magnetic field inside the
magnetic core is in the opposite direction. As stated before, the
secondary side of the coupled inductor is one turn and parallel
connected to the gate resistor.
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Fig. 10. Placement of the coupled inductor in the series connection of power
devices in the same power module.

In this section, the parameter design and optimized layout of
the coupled inductor are discussed to guide the practical design
of the proposed voltage balancing method. The number of turns
is calculated, and the layout of the coupled inductor is given with
engineering consideration.

V. EXPERIMENTS AND SIMULATION VERIFICATION

To verify the effectiveness of the proposed method, a proto-
type is built and tested under various operating conditions. The
experimental setup, comparison under different operating points
and different snubber capacitors are given in this section.

A. Prototype and Experimental Platform

As a standard package type, two EconoDUAL package SiC
power modules (1200 V/200 A) from Rohm are selected as the
device under test [33]. As indicated in Fig. 11(a), the two devices
in one half-bridge module are connected in series, which forms
a single 2400 V/200 A power device.

The picture of the designed snubber is demonstrated in
Fig. 11(b). Fig. 11(c) is the final assembly of the power module,
snubber circuit, and gate driver. To reduce the volume of the
snubber, the TO-247 package resistor is selected in the RC
snubber. The snubber capacitor is the film capacitor, which
has superior high-frequency response performance. The output
capacitor of the power module is 1.5 nF.

In selecting the parameters of the snubber capacitor, the
condition that the 10 ns gate driver time delay caused unbalanced
voltage should be less than 200 V at 200 A load current is
adopted. Thus, according to (11), VIS = 20 V/ns. Using the
method in (12), the snubber capacitor is 5 nF. In reality Csnub

= 4.7 nF is selected. Besides, the snubber resistor is selected
as 5 Ω to offer enough damping to the circuit. For the selected
device, Vth = 3 V, gs = 1.8 A/V2 is extracted from the datasheet.
In designing the coupled inductor, VIRR is selected as 120, and
Rg1 = 1.1 Ω is adopted. Besides, in the experiments, Rg2 =
1.55 Ω, Cgs = 18 nF, according to (19), the required magnetic
inductor Lg should be larger than 16 nH.

Adopting (15), if N2 = 2, the number of the primary turn N1 is
4. Considering the rated blocking voltage of the power devices is
1200 V, the insulation voltage among the primary turns is 1200 V,
which can be realized by silicon wires or transformer bobbin.

TABLE I
PARAMETERS OF THE COUPLED INDUCTOR

In the final design, the parameters of the coupled inductor are
given in Table I.

In the experiments, in each half-bridge module, two devices
have independent gate drivers. The digital controller sends the
drain source voltage to an FPGA by communication through
fiber optics. And the driving PWM of the gate driver can be
controlled independently. In the experiments, a manually added
7 ns gate driver time delay is added to simulate the gate driver
time delay in real applications. The proposed circuit is verified
in a double pulse test platform, as demonstrated in Fig. 12. The
load inductor is 500 μH. The current measurement bandwidth is
200 MHz and the voltage measurement bandwidth is 70 MHz.

B. Experimental Waveform

Based on the built circuit and the test platform, first, the
operation waveform is acquired through a multiple pulse test.
To demonstrate the performance, a comparison between the
proposed method and only RC snubber is conducted. In the com-
parison of results, for the RC snubber cases, the coupled inductor
still exists in the RC snubber. However, the feedback winding
parallel to the gate resistor Rg1 is disconnected. The measured
waveform is shown in Fig. 13. Fig. 13(a) is the waveform with
RC snubber and Fig. 13(b) is the waveform with the proposed
method. The waveform is acquired at 1300 V dc bus voltage and
200 A load current. When there is only RC snubber and no active
approach is adopted, the unbalanced voltage is 99 V. The peak
voltage for MOS1 is around 800 V. When the proposed method
is added, the unbalanced voltage in the turnoff state is almost
the same for the two devices, ΔV = 2 V in this case. And the
peak voltage is 830 V. Additionally, Fig. 14 demonstrates the
zoomed turn OFF transient waveform with (a) turn OFF with RC
snubber; (b) turn OFF with proposed method; (c) turn ON with RC
snubber; (d) turn ON with the proposed method. In Fig. 14(b),
additional oscillation occurs due to the mutual coupling effect
and the voltage is almost the same in the steady-state. Comparing
with purely RC snubber, the existence of the coupled inductor
is good for the voltage sharing of the series-connected power
devices.

Further, it is of vital importance to verify the switching loss
of the two devices. Table II gives the comparison result of the
switching loss of the power devices at 1300 V/200 A. In the table,
the switching loss indicates the total loss generated in a switching
period, which includes turnon loss, turnoff loss, and the power



11216 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 36, NO. 10, OCTOBER 2021

Fig. 11. Design results of the SiC power module for series connection of SiC MOSFETs. (a) Photograph of SiC power module. (b) Prototype of the proposed
snubber circuit. (c) Final assembly of the power module, snubber circuit, and gate driver.

Fig. 12. Photograph of the test platform.

Fig. 13. Multiple pulse test of the two SiC MOSFETs in series. (a) RC snubber.
(b) With coupled inductor.

TABLE II
SWITCHING LOSS COMPARISON

loss on the snubber resistor. It can be seen that when there is
only RC snubber, the switching loss of MOS1 is 8.8 mJ and the
switching loss of MOS2 is 14 mJ. The difference is quite large,
which means under the same thermal dissipation conditions,
the junction temperature of MOS2 will be much higher than
MOS1. The uneven temperature distributions are harmful to the
long-time stable running of the converters. When the proposed
method is adopted, the switching loss of MOS1 is 9.7 mJ and the
switching loss of MOS2 is 10.6 mJ. The switching loss difference
reduces from 5.2 to 0.9 mJ. The total switching loss is slightly
reduced from 22.8 to 20.3 mJ. Above all, the proposed method
functions well under the test points and demonstrates significant
improvements over the RC snubber conditions.

As demonstrated in Fig. 15, the comparison between the gate
source voltage of series-connected devices before and after the
proposed method is given. When there is no obvious voltage
change across the drain source voltage, the gate source voltage is
almost the same before and after the method. When the voltage is
fast rising, the gate source voltage is different due to the feedback
from the coupled inductor. The device with higher drain voltage
has been added a negative voltage, resulting in reduced voltage
rising slop, and vice versa. Besides, it is also obvious that the
inserted Lg has little influence on the normal driving of the SiC
MOSFETs with the proper circuit design.

C. Operation Under Different Load

Another noteworthy performance is the voltage balancing
effect under various operating points. A series of tests are
conducted in this section and the voltage imbalance before and
after the test is given in Fig. 16. Comparing (a) and (b), it can
be seen that the unbalanced voltage is significantly reduced
under various operating conditions. It should be noticed that the
voltage balancing effect increases with load current. This can be
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Fig. 14. Zoomed waveform comparison. (a) RC snubber turnOFF. (b) Proposed circuit turnOFF. (c) RC snubber turnON. (d) Proposed circuit turnON.

Fig. 15. Measured gate source voltage of devices before and after proposed
method at 1300 V/200 A.

explained by (10), when the load current decreases, the miller
plateau voltage Vmiller decreases, as a result, VIRR decreases.
Nevertheless, superior voltage balancing can still be ensured.
Before the active method, the voltage deviation is around 100 V.
After the compensation, as demonstrated in Fig. 16(b), the
unbalanced voltage reduces from 30 to 5 V when the load current
increases from 150 to 190 A.

C. Influence of the Snubber Capacitor

As state before, the selection of the snubber capacitor consid-
ers the safe operation of the power devices. Thus, it is typically

Fig. 16. Performance comparison under different switching currents, from
150 to 190 A. (a) RC snubber. (b) With coupled inductor. Both (a) and (b) share
the same axis scale.

determined before the selection of the parameters of the coupled
inductor. In this part, the performance of under different snubber
capacitors is given in Fig. 17. In the experiments, the turnon and
turnoff waveform at Csnub = 1 nF and Csnub = 14.7 nF is given
in order. Both snubbers demonstrate a significantly improved
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Fig. 17. Switching waveform under different snubber capacitors. (a) Turn OFF with 1 nF snubber capacitor. (b) Turn OFF with 14.7 nF snubber capacitor. (c) Turn
ON with 1 nF snubber capacitor. (d) Turn ON with 14.7 nF snubber capacitor.

voltage balancing effect. The experimental results verify that the
proposed method can operate under different snubber capacitor
conditions.

It is of interest to compare the parallel capacitance require-
ment with and without the proposed method for achieving the
same voltage balancing effect. In purely RC snubber, looking
up the curve in Fig. 7, 7 ns gate driver time delay will introduce
around 42 V voltage imbalance at 15 nF snubber capacitor
condition. In contrast, with the proposed method, a 1-nF ca-
pacitor is enough to reduce the unbalanced voltage far below
42 V, as demonstrated in Fig. 17(c). Therefore, the snubber
capacitance is significantly reduced by the proposed method,
which is beneficial for high-speed switching of the SiC devices.

In conclusion, with the proposed method, the required snubber
capacitor to achieve the same voltage sharing effect is greatly
reduced compared with purely RC snubber condition. Thus, the
switching loss of the snubber and the power devices can be
effectively reduced with the proposed method.

D. Simulation Results for Multiple Devices in Series

Due to the limitations of the experimental platform, the
verification of the multiple devices in series is conducted in
Spice simulation. The simulation parameters are the same as
the experimental platform and the device model is from Rohm
company, which includes the circuit parasitic parameters in the
package. Four devices from two power modules (vds1 and vds2

Fig. 18. Simulation verification of four devices in series (a) without and (b)
with the proposed method. The total switching voltage is 3600 V/200 A, 5 ns
gate driving time delay is orderly inserted for four devices in series.

in one module, vds3 and vds4 in another module) are connected
in series to form a single 4800 V/200 A power devices ex-
ternally. In the simulation, a 5-ns gate driving signal delay is
implied orderly for the four devices. The waveform is acquired
at 3600 V/200 A condition, as shown in Fig. 18. The simulation
results demonstrate that the voltage among the devices can be
properly balanced with the proposed method. The unbalanced
voltage is reduced from 500 to 50 V with the help of the multiple
devices in series circuit.
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Further, although the proposed method can be adopted in
multiple devices in series. The main challenge is the layout of
the coupled inductor among the cascaded devices. The optimized
layout of the devices in Section Ⅳ cannot be satisfied with the
method. The side influence is the increased leakage inductance
in the snubber loop, which reduces the potential benefits of the
method. In general, the proposed method is better suitable for
two devices in series, especially for high power modules to form
a single high voltage device. Meanwhile, it can also be applied
to multiple devices in series but requires further research in the
optimized layout of the circuit.

In conclusion, the voltage balancing effect at different oper-
ating points and snubber capacitors are fully tested. The exper-
imental results demonstrate the significantly improved perfor-
mance of the proposed coupled inductor-based voltage balanc-
ing method. The proposed method demonstrates its flexibility
and robustness under various conditions. It should be pointed
out that the size is increased and the assembly is more complex
compared with purely RC snubber. The potential improvement
is to integrate the snubber circuit into the gate driver board or
into the package to increase the power density.

VI. CONCLUSION

To achieve fast response speed and voltage imbalance sam-
pling at the same time, a multiport coupled inductor is adopted to
dynamically balance the voltage sharing of the series-connected
SiC power MOSFETs. The output of the coupled inductor acts as
the unbalanced voltage-controlled voltage source and is added
to the gate electrode by paralleling with the gate driving resistor.
The operation principle, parameter design, and practical layout is
given in this article. On the basis of the RC snubber, the proposed
method offers another attenuation coefficient to reduce voltage
imbalance. As a result, the snubber capacitor can be reduced with
the proposed method and maintains the high-speed switching of
SiC MOSFETs in the series connection. The experimental results
demonstrate a significant voltage balancing effect. From the test,
at 1300 V/200 A switching, the unbalanced voltage reduces from
99 V to 2 V. Meanwhile, the switching loss deviation reduces
from 5.2 to 0.9 mJ. The proposed method is low cost and can
be applied to the series connection of the SiC MOSFETs under
various voltage classes and packages, which is hoping to expand
the operation voltage of SiC power MOSFETs greatly. Future
works on a highly integrated module package will be developed
based on the circuit proposed in this article.

REFERENCES

[1] A. Marzoughi, R. Burgos, and D. Boroyevich, “Investigating impact of
emerging medium-voltage SiC MOSFETs on medium-voltage high-power
industrial motor drives,” IEEE J. Emerg. Sel. Top. Power Electron., vol. 7,
no. 2, pp. 1371–1387, Jun. 2019.

[2] X. She, A. Q. Huang, Ó. Lucía, and B. Ozpineci, “Review of silicon carbide
power devices and their applications,” IEEE Trans. Ind. Electron., vol. 64,
no. 10, pp. 8193–8205, Oct. 2017.

[3] M. K. Das et al., “10 kV, 120 a SiC half H-bridge power MOSFET modules
suitable for high frequency, medium voltage applications,” in Proc. 3rd
IEEE Energy Convers. Congr.Expo ., 2011, pp. 2689–2692.

[4] A. Tripathi et al., “Design considerations of a 15kV SiC IGBT based
medium-voltage high-frequency isolated DC-DC converter,” IEEE Trans.
Ind. Appl., vol. 51, no. 4, pp. 3284–3294, Jul./Aug. 2015.

[5] A. Bolotnikov et al., “Overview of 1.2kV–2.2kV SiC MOSFETs targeted
for industrial power conversion applications,” in Proc. IEEE Appl. Power
Electron. Conf. Expo ., 2015, pp. 2445–2452.

[6] X. Song, A. Q. Huang, S. Sen, L. Zhang, P. Liu, and X. Ni, “15-
kV/40-A FREEDM supercascode: A cost-effective SiC high-voltage and
high-frequency power switch,” IEEE Trans. Ind. Appl., vol. 53, no. 6,
pp. 5715–5727, Nov. 2017.

[7] C. Gerster, P. Hofer, and N. Karrer, “Gate-control strategies for snubberless
operation of series connected IGBTs,” in Proc. IEEE Power Electron. Spec.
Conf., 1996, vol. 2, pp. 1739–1742.

[8] X. Lin, L. Ravi, Y. Zhang, R. Burgos, and D. Dong, “Analysis of voltage
sharing of series-connected high voltage SiC MOSFETs and body-diodes,”
IEEE Trans. Power Electron., vol. 36, no. 7, pp. 7612–7624, Jul. 2021.

[9] L. F. S. Alves et al., “Gate driver architectures impacts on voltage balancing
of SiC MOSFETs in series connection,” in Proc. 20th Eur. Conf. Power
Electron. Appl., 2018, pp. 1–10.

[10] K. Vechalapu, S. Bhattacharya, and E. Aleoiza, “Performance evaluation
of series connected 1700V SiC MOSFET devices,” in Proc. IEEE 3rd
Workshop Wide Bandgap Power Devices Appl., Nov. 2015, pp. 184–191.

[11] V. Jones, R. A. Fantino, and J. C. Balda, “A modular switching position
with voltage-balancing and self-powering for series device connection,”
IEEE J. Emerg. Sel. Top. Power Electron., to be published.

[12] C. Li, R. Zheng, W. Li, H. Yang, X. He, and W. Hu, “Layout of
Series-connected SiC MOSFET devices for medium voltage applications,”
in Proc. IEEE Workshop Wide Bandgap Power Devices Appl., 2018,
pp. 199–204.

[13] X. Wu, S. Cheng, Q. Xiao, and K. Sheng, “A 3600 V/80 a series–parallel-
connected silicon carbide MOSFETs module with a single external gate
driver,” IEEE Trans. Power Electron., vol. 29, no. 5, pp. 2296–2306,
May 2014.

[14] L. Pang, T. Long, K. He, Y. Huang, and Q. Zhang, “A compact series-
connected SiC MOSFETs module and its application in high voltage
nanosecond pulse generator,” IEEE Trans. Ind. Electron., vol. 66, no. 12,
pp. 9238–9247, Dec. 2019.

[15] Y. Ren, X. Yang, F. Zhang, F. Wang, L. M. Tolbert, and Y. Pei, “A single
gate driver based solid-state circuit breaker using series connected SiC
MOSFETs,” IEEE Trans. Power Electron., vol. 34, no. 3, pp. 2002–2006,
Mar. 2019.

[16] F. Zhang, X. Yang, W. Chen, and L. Wang, “Voltage balancing control
of series-connected SiC MOSFETs by using energy recovery snubber
circuits, ” IEEE Trans. Power Electron., vol. 35, no. 10, pp. 10200–10212,
Oct. 2020.

[17] J. Biela, D. Aggeler, D. Bortis, and J. Kolar, “Balancing circuit for a
5-kV/50-ns pulsed-power switch based on SiC-JFET super cascode,” IEEE
Trans. Plasma Sci., vol. 40, no. 10, pp. 2554–2560, Oct. 2012.

[18] X. Lin, L. Ravi, S. Mocevic, D. Dong, and R. Burgos, “Active voltage
balancing embedded digital gate driver for series-connected 10 kV SiC
MOSFETs,” in Proc. IEEE Appl. Power Electron. Conf. Expo., 2020,
pp. 1611–1616.

[19] S. Ji, T. Lu, Z. Zhao, H. Yu, and L. Yuan, “Series-Connected HV-IGBTs
using active voltage balancing control with status feedback circuit,” IEEE
Trans. Power Electron., vol. 30, no. 8, pp. 4165–4174, Aug. 2015.

[20] T. Wang, H. Lin, and S. Liu, “An active voltage balancing control based on
adjusting driving signal time delay for series-connected SiC MOSFETs,”
IEEE J. Emerg. Sel. Top. Power Electron., vol. 8, no. 1, pp. 454–464,
Mar. 2020.

[21] D. Peftitsis and J. Rabkowski, “Gate and base drivers for silicon car-
bide power transistors: An overview,” IEEE Trans. Power Electron.,
vol. 31,no. 10, pp. 7194–7213, Oct. 2016.

[22] H. C. P. Dymond et al., “A 6.7-GHz active gate driver for GaN FETs
to combat overshoot, ringing, and EMI,” IEEE Trans. Power Electron.,
vol. 33, no. 1, pp. 581–594, Jan. 2018.

[23] A. P. Camacho, V. Sala, H. Ghorbani, and J. L. R. Martinez, “A novel active
gate driver for improving SiC MOSFET switching trajectory,” IEEE Trans.
Ind. Electron., vol. 64, no. 11, pp. 9032–9042, Nov. 2017.

[24] C. Yang et al., “A gate drive circuit and dynamic voltage balancing control
method suitable for series-connected SiC MOSFETs,” IEEE Trans. Power
Electron., vol. 35, no. 6, pp. 6625–6635, Jun. 2020.

[25] A. Marzoughi, R. Burgos, and D. Boroyevich, “Active gate-driver with
dv/dt controller for dynamic voltage balancing in series-connected SiC
MOSFETs,” IEEE Trans. Ind. Electron., vol. 66, no. 4, pp. 2488–2498,
Apr. 2019.

[26] Y. Zhou, X. Wang, L. Xian, and D. Yang, “Active gate drive with gate-drain
discharge compensation for voltage balancing in series-connected SiC
MOSFETs,” IEEE Trans. Power Electron., vol. 36, no. 5, pp. 5858–5873,
May 2021.



11220 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 36, NO. 10, OCTOBER 2021

[27] P. R. Palmer, J. Zhang, and X. Zhang, “SiC MOSFETs connected in series
with active voltage control,” in Proc. 3rd IEEE Workshop Wide Bandgap
Power Devices Appl., 2015, pp. 60–65.

[28] W. S. Levine, The Control Handbook - Control System Advanced Methods.
Boca Raton, FL, USA: CRC Press, 2010.

[29] S. Chen, C. Li, Z. Lu, H. Luo, W. Li, and X. He, “A coupled inductor based
circuit for voltage balancing among series connected SiC MOSFETs,” in
Proc. IEEE Appl. Power Electron. Conf. Expo., 2020, pp. 2588–2593.

[30] D. Christen, and J. Biela, “Analytical switching loss modeling based on
datasheet parameters for mosfets in a half-bridge,” IEEE Trans. Power
Electron., vol. 34, no. 4, pp. 3700–3710, Apr. 2019.

[31] B. J. Baliga, Fundamentals of Power Semiconductor Devices | Springer-
link. Cham, Switzerland: Springer, 2008.

[32] Z. Lu et al., “Medium voltage soft-switching DC/DC converter with series-
connected SiC MOSFETs,” IEEE Trans. Power Electron., vol. 36, no. 2,
pp. 1451–1462, Feb. 2021.

[33] SiC Power Module Datasheet: BSM180D12P2E002, 2016. [On-
line]. Available: https://www.rohm.com/products/sic-power-devices/sic-
power-module

Chengmin Li (Member, IEEE) received the B.S. de-
gree in electrical engineering from the School of Elec-
trical and Electronic Engineering, Huazhong Univer-
sity of Science and Technology, Wuhan, China, in
2013, and the Ph.D. degree from Zhejiang University,
Hangzhou, China in 2019.

He is currently a Postdoc with Power Electronics
Laboratory, École Polytechnique Fédérale de Lau-
sanne (EPFL), Lausanne, Switzerland. From March
2016 to March 2017, he was a Research Intern with
the GE Global Research Center, Shanghai, China. His

research interests include medium voltage converters and applications of SiC
power MOSFETs.

Saizhen Chen (Student Member, IEEE) received
the B.S. degree, in 2018, in electrical engineering
from the College of Electrical Engineering, Zhejiang
University, Hangzhou, China, where she is currently
working toward the M.Sc. degree.

Her research interests include the driver design and
application of series connected SiC devices.

Haoze Luo (Member, IEEE) received the B.S. and
M.S. degrees from the Department of Electrical En-
gineering, Hefei University of Technology, Hefei,
China, in 2008 and 2011, respectively, and the Ph.D.
degree from Zhejiang University, Hangzhou, China,
in 2015.

From January to April 2015, he was a Visiting Re-
searcher with Newcastle University, Newcastle upon
Tyne, U.K. From October 2015 to May 2018, he was a
Postdoc with the Department of Energy Technology,
Aalborg University, Aalborg, Denmark. From May

2018 to September 2019, he was a Senior R&D Engineer with Dynex Power
Inc., Lincoln, U.K. Since October 2019, he has been with Zhejiang University,
as a Research Fellow. His research interests include packaging technology and
reliability assessment for high-power modules.

Dr. Luo is currently an Associate Editor for the IET POWER ELECTRONICS and
has been a Guest Associate Editor for the IEEE JOURNAL OF EMERGING AND

SELECTED TOPICS IN POWER ELECTRONICS.

Chushan Li (Member, IEEE) received the B.E.E.
and Ph.D. degrees in electrical engineering from the
Department of Electrical Engineering, Zhejiang Uni-
versity, Hangzhou, China, in 2008 and 2014, respec-
tively.

He is currently an Assistant Professor with Zhe-
jiang University, Hangzhou, China, and University
of Illinois at Urbana-Champaign Institute, Zhejiang,
China. From April to September in 2008, he was an
Internship Student with the Power Application De-
sign Center in National Semiconductor (Hong Kong)

Company Ltd. From December 2010 to October 2011, he was a Visiting Scholar
with the Freedom Center in North Carolina State University. From December
2013 to June 2014, he was a Research Assistant with Hong Kong Polytechnic
University, Hong Kong. From July 2014 to July 2017, he was a Postdoctoral
Fellow with the Department of Electrical and Computer Engineering, Ryerson
University, Toronto, ON, Canada. His research interests include high power
density power converter design and ac-dc power conversion.

Wuhua Li (Member, IEEE) received the B.Sc. and
Ph.D. degrees in power electronics and electrical
engineering from Zhejiang University, Hangzhou,
China, in 2002 and 2008, respectively.

From 2004 to 2005, he was a Research Intern,
and from 2007 to 2008, a Research Assistant in
GE Global Research Center, Shanghai, China. From
2008 to 2010, he was with the College of Electrical
Engineering, Zhejiang University, Hangzhou, China,
as a Postdoctor, and in 2010 was promoted as an
Associate Professor. Since 2013, he has been a Full

Professor with Zhejiang University. From 2010 to 2011, he was a Ryerson
University Postdoctoral Fellow with the Department of Electrical and Computer
Engineering, Ryerson University, Toronto, ON, Canada. His research interests
include power devices, converter topologies, and advanced controls for high
power energy conversion systems. He has authored or coauthored more than 200
peer-reviewed technical papers and holds more than 30 issued/pending patents.

Dr. Li was the recipient of one National Natural Science Award and four
Scientific and Technological Achievement Awards from Zhejiang Provincial
Government and the State Educational Ministry of China. Due to his excellent
teaching and research contributions, he was also the recipient of the 2012 Delta
Young Scholar from Delta Environmental & Educational Foundation, the 2012
Outstanding Young Scholar from National Science Foundation of China (NSFC),
the 2013 Chief Youth Scientist of National 973 Program, and the 2014 Young
Top-Notch Scholar of National Ten Thousand Talent Program. He serves as
the Associated Editor of Journal of Emerging and Selected Topics in Power
Electronics, IET POWER ELECTRONICS, CSEE Journal of Power and Energy
Systems, Proceedings of the Chinese Society for Electrical Engineering, Guest
Editor of IET RENEWABLE POWER GENERATION for Special Issue “DC and
HVDC System Technologies,” and Member of the Editorial Board for Journal of
Modern Power System and Clean Energy. He was appointed as the Most-Cited
Chinese Researchers by Elsevier since 2014.

Xiangning He (Fellow, IEEE) received the B.Sc.
and M.Sc. degrees from Nanjing University of Aero-
nautical and Astronautical, Nanjing, China, in 1982
and 1985, respectively, and the Ph.D. degree from
Zhejiang University, Hangzhou, China, in 1989.

From 1985 to 1986, he was an Assistant Engineer
with the 608 Institute of Aeronautical Industrial Gen-
eral Company, Zhuzhou, China. From 1989 to 1991,
he was a Lecturer with Zhejiang University. In 1991,
he received a Fellowship from the Royal Society
of U.K., and conducted research in the Department

of Computing and Electrical Engineering, Heriot-Watt University, Edinburgh,
U.K., as a Postdoctoral Research Fellow for two years. In 1994, he joined
Zhejiang University, as an Associate Professor. Since 1996, he has been a Full
Professor with the College of Electrical Engineering, Zhejiang University. He
was the Director of the Power Electronics Research Institute, the Head of the
Department of Applied Electronics, the Vice Dean of the College of Electrical
Engineering, and is currently the Director of the National Specialty Laboratory
for Power Electronics, Zhejiang University. His research interests include power
electronics and their industrial applications.

Dr. He was appointed as IEEE Distinguished Lecturer by the IEEE Power
Electronics Society in 2011. He is also a fellow of the Institution of Engineering
and Technology (formerly IEE), U.K.

https://www.rohm.com/products/sic-power-devices/sic-power-module


<<
  /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 true
  /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


