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Abstract—The crosstalk voltage on the gate-source terminal of
SiC power MOSFETs in a phase-leg circuit is composed of the gate–
drain capacitor introduced voltage and the common-source induc-
tor introduced voltage. The mathematical model of the crosstalk
voltage indicates that to suppress two types of crosstalk voltage,
there exists a contradictory requirement on the OFF-state gate loop
impedance. This challenge reduces the effectiveness of conventional
crosstalk elimination methods. As an improvement, a crosstalk volt-
age suppression circuit that synchronously eliminates the crosstalk
voltage of gate–drain capacitance and the common-source induc-
tance is proposed. In this article, instead of creating low-impedance
gate loop in the OFF-state, a high-impedance gate loop is for-
matted to eliminate the voltage drop on the common-source in-
ductance. Meanwhile, the potential false turn-ON or the negative
voltage spikes caused by gate–drain capacitance is eliminated by
the precharge voltage in the gate-source capacitor. The required
prestored charge is analyzed considering the nonlinear behavior of
the junction capacitance of the SiC MOSFETs. The proposed gate
driver is experimentally verified in different switching conditions.

Index Terms—Active miller clamping circuit, crosstalk voltage,
gate drive of SiC devices, SiC power MOSFETs.

I. INTRODUCTION

S iC power MOSFETs demonstrate outstanding performances
in high-speed switching and enable more efficient power

conversion systems. However, only improvements of the device
are not enough. Some package and design constraints such as
the negative influence of the parasitic parameters are being more
and more significant in the high-speed switching operation [1],
[2]. Among them, the crosstalk phenomenon in a phase-leg
circuit, which means the interfere voltage introduced to the gate
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Fig. 1. Crosstalk phenomenon in power MOSFET.

electrode in the OFF-state during the fast switching transition
of another device, is one of the most concerned challenges for
MOS-gated devices [3], [4].

Fig. 1 demonstrates the crosstalk phenomenon in a phase-
leg configuration. Rg and Lg refer to the total equivalent gate
loop resistance and inductance, respectively. Ls is the common-
source inductance. Cgd, Cgs, and Cds are gate–drain capacitor,
gate-source capacitor, and drain-source capacitor, respectively.
With respect to the upper device in the phase-leg circuit, when
the lower MOSFET is turned ON or turned OFF, a voltage step
occurs at the gate–drain of the device and a current step flow
through the common-source inductor Ls_H . It will introduce a
displacement current through the gate–drain capacitor and an
induced voltage on the common-source inductor. The positive
spike voltage may cause a false turn-ON of the device, which
increase the switching loss or even cause the shoot through of
the dc link [5]. The negative spike voltage may be lower than the
minimum allowable voltage of the gate-source and damage the
gate electrode. For SiC devices, the crosstalk is more harmful due
to the very fast switching speed capability, which is more than
six times faster than the Si IGBT [6]. Moreover, the gap between
the threshold voltage and the minimum allowable negative gate-
source voltage of SiC MOSFETs is lower than Si devices [7]. Thus,
to fully realize the fast switching speed of the SiC devices, the
crosstalk voltage should be limited within the safe operation
area.
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Many methods have been reported to reduce the crosstalk
voltage. Since the crosstalk voltage is caused by high-speed
switching, reducing the switching speed is the straight forward
way. Increasing the gate drive resistance and some active closed-
loop dv/dt methods are effective [8]–[9], [10]. In some applica-
tions, an extra parallel capacitor is added to the gate-source to
reduce the crosstalk voltage [11], [12]. But the switching speed
is reduced and higher switching loss is introduced. Another
method is adding a negative gate-source voltage to prevent false
turn-ON of the device during switching transients of another
device [13]. In [14] and [15], a simple level shifter is proposed
to generate a negative voltage to the gate source. In [16], a gate
driver with multilevel negative voltage is adopted to adapt to
the polarity of the voltage spike induced. However, due to the
high-speed switching and the lower tolerance of the negative
gate-source voltage of the SiC MOSFETs, the required negative
voltage may exceed the recommended negative voltage from the
datasheet, bringing underlying reliability issues. What is more,
the oscillations in the loop and the influence of the parasitic
parameters make it difficult to design the value of the negative
voltage [17].

As an improvement, a series of methods that create a low-
impedance path of the displacement current produced by high
dv/dt are proposed. As demonstrated in Fig. 1, the crosstalk
voltage contains the voltage drop on the gate loop impedance
induced by the gate–drain displacement current. In [18], Miller
clamp circuit is proposed, which utilizes an auxiliary transistor
to bypass the relatively large external gate resistor. Thus, the
impedance of the gate loop is reduced. Many similar methods are
proposed to provide a low-impedance path of the displacement
current [19], [20].

However, there are several limitations in the aforementioned
methods. First, the influence of the common-source inductance
on the crosstalk voltage is neglected. It has been acknowledged
that the common-source inductance has a significant influence
on the switching transition of the device, whereas the influence
on the crosstalk voltage has not been modeled explicitly [21].
Generally, the voltage drop on the common-source inductor is
added to the gate-source loop, as well as the gate–drain dis-
placement current. Reducing the gate loop impedance decreases
the crosstalk voltage from the gate–drain displacement current.
Meanwhile, the crosstalk voltage from the voltage drop on the
common-source inductor is increased. The increased crosstalk
voltage is contrary to the expectation that reducing the loop
impedance helps reducing the crosstalk voltage. Second, due
to the relatively large internal gate resistance, the effects of the
low-impedance clamping methods are limited by the relatively
large voltage drop on the internal resistance [13].

To give an accurate design guideline on crosstalk voltage sup-
pression methods, an analytical model of the crosstalk voltage
considering the Miller capacitor and the common-source induc-
tor is given in this article. In the light of the analytical model,
a high OFF-state impedance gate driver is proposed to eliminate
the dv/dt and di/dt induced crosstalk voltage simultaneously.
The operation principle and parameter design are discussed in
detail. Based on the analysis, a parameter design guideline of the
proposed scheme is given. Then the validation of the proposed

Fig. 2. Crosstalk voltage based on the proposed analytical model. (a) Crosstalk
voltage when the lower device is turned OFF. (b) Crosstalk voltage when the lower
device is turned ON.

method is verified by a series of experiments in the double pulse
test under different operation conditions.

The sections of this article are organized as follows. Section II
gives an analytical model of the crosstalk voltage considering the
common-source inductor. Section III proposes a gate driver cir-
cuit to suppress the crosstalk voltage from the common-source
inductor and the gate–drain capacitor synchronously. Section IV
gives the assessment of the OFF-state negative voltage design
of the proposed gate driver. Section V validates the proposed
gate drive in different switching conditions in experiments.
Section VI concludes this article.

II. INFLUENCE OF THE COMMON-SOURCE INDUCTOR ON

CROSSTALK VOLTAGE

There exist a series of parasitic parameters in the SiC MOSFET

inside the package. These coexisting nonidealities introduce
crosstalk voltage to the gate loop and their influences should
be comprehensively investigated. Both the voltage change rate
and current change rate in the power loop generate crosstalk
voltage and the value is deeply related to the switching behavior
of the other device. In these parasitic parameters, the influence
of the common-source inductor on the crosstalk voltage needs
to be quantized.

Considering a phase-leg circuit where the high-side device is
in the OFF-state and the low-side device is turned ON or turned
OFF, as shown in Fig. 1, the crosstalk voltage of the upper device
is controlled by the behavior of the switching device in the
lower leg. An analytical model from [24] is leveraged here to
describe the switching device. Further, an analytical model of
the crosstalk voltage is proposed taking the nonlinear gate–drain
capacitor, the common-source inductor and the reverse recovery
of the body diode into account. Besides, the detailed deduction
process is given in the appendix section. To simplify the analysis,
the parasitic oscillations in the power loop are ignored.

Fig. 2 gives the calculation results of the crosstalk voltage
during the turn-ON and turn-OFF process based on the proposed
crosstalk voltage model. In the calculation, the gate resistance
keeps the same and the common-source inductance is adjusted
to explore the influence on crosstalk voltage. In the analytical
model, the device parameters are extracted from the datasheet
of CREE C2M0025120D or can be measured from the experi-
ments. The values of the parameters are listed in Table I.
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TABLE I
PARAMETERS IN CROSSTALK CALCULATION

Fig. 3. Simulation results of induced crosstalk voltage. (a) Crosstalk voltage
when the lower device is turned OFF. (b) Crosstalk voltage when the lower device
is turned ON.

Meanwhile, SPICE simulations are conducted with the nu-
merical model from CREE, as demonstrated in Fig. 3. The
calculated crosstalk voltage matches well with the simulation
results in time and amplitude. The deviation is mainly from the
parasitic oscillations in the power loop, which are simplified in
the proposed analysis. Both analytical model and SPICE simula-
tion indicate that at a given switching speed, when the common-
source inductance increases, the crosstalk voltage increases.

Based on the proposed model, the parameter scan calculations
are conducted to demonstrate the influence of the common-
source inductor and the OFF-state external resistor. The switching
speed of the lower device stays the same in the calculation.
The result of the peak to peak crosstalk voltage in turn-ON/OFF

process is given in Fig. 4. When there is no common-source
inductance, the crosstalk voltage is merely from the gate–drain
capacitor, thus, a smaller OFF-state gate resistor is preferred to
reduce the crosstalk voltage. In this case, the widely adopted
Miller clamping method, which reduces the resistance at the
terminal of the devices, as pictured in Fig. 5, is effective to
decrease the crosstalk voltage caused by gate–drain capacitance.
However, if there is a common-source inductor, the crosstalk
voltage increases dramatically when the OFF-state gate resistance
decreases and threatens the reliable operation of the device.
Considering the Miller clamping circuit with common-source
inductance, the low-impedance clamp circuit is formed and the
crosstalk voltage caused by common-source inductance is in-
creased as a consequence. As a result, in high common-source in-
ductance conditions, the Miller clamping circuit is not suitable.

Fig. 4. Relationship between the crosstalk voltage, OFF-state impedance, and
common-source inductor of the upper device. (a) Peak to peak crosstalk voltage
at turn-ON. (b) Peak to peak crosstalk voltage at turn-OFF.

Fig. 5. Equivalent circuit of Miller clamping circuit.

Regarding the gate–drain capacitor introduced crosstalk volt-
age, the external gate loop impedance, and the gate-source
capacitor are connected in parallel, a small OFF-state gate loop
impedance is beneficial for reducing the voltage drop of the dis-
placement current. For the common-source inductor introduced
crosstalk voltage, the external gate loop impedance and the
gate-source capacitor are connected in series; a higher external
gate loop impedance is preferred to mitigate the voltage drop
on gate-source capacitor. It is concluded that there exists a
contradictory on the gate loop impedance for the two types of the
crosstalk voltage. To fully utilize the fast switching capability
of the SiC power MOSFETs, efforts should be paid to reduce
the crosstalk voltage from the gate–drain capacitor and the
common-source inductor at the same time.

III. PROPOSED CROSSTALK VOLTAGE SUPPRESSION CIRCUIT

In this section, a crosstalk voltage suppression circuit with
multilevel gate voltage and shaped gate loop impedance is
proposed to reduce the crosstalk voltage. The Ls and Cgd

induced crosstalk voltage are eliminated separately. Specially,
the Ls induced crosstalk voltage is eliminated through a high-
impedance gate loop instead of creating low-impedance gate
loop in conventional methods.

The circuit of the proposed scheme is shown in Fig. 6.
The switch S1 and S2 are used to turn ON or turn OFF the
device during switching transients, which is the same as the
conventional gate driver. Another auxiliary clamping circuit
composed of a bidirectional switch S3 and a resistor Rclamp is
added to tune the voltage level in the OFF-state to ensure the
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Fig. 6. Proposed high OFF-state impedance gate driver.

Fig. 7. Operation scheme of the proposed driver.

reliable operation. During the switching transients of the other
device in the phase leg, S1, S2, and S3 of the OFF-state device
is turned OFF and the high-impedance gate loop is formed. As
a result, the voltage drop on the common-source inductor is
isolated from the gate source of SiC MOSFETs. As a result, the
crosstalk voltage is only generated by displacement current
from Cgd, which is eliminated by charging or discharging the
gate-source capacitor before the drain-source voltage step of
the device. Moreover, a large resistor parallel connected to the
gate-source capacitor, which is omitted in Fig. 6, is required
to prevent the potential electro-static discharge (ESD) on the
gate-source terminal. Due to the large value, this resistor has
little influence on the normal operation of the gate driver.

The operation principle of the driving circuit can be di-
vided into five stages, as demonstrated in Fig. 7. In the figure,
pulsewidth modulation (PWM) is the logical output of the
phase leg, S1_H , S2_H , and S3_H are driving signals of the
upper gate driver, Vds_H and Vgs_H are the drain-source and
gate-source voltage waveforms. The equivalent circuit in each
stage is demonstrated in Fig. 8. In the following analysis, the time
sequence of the upper device is given when the lower device is
turned ON or turned OFF. Since the turn-ON or turn-OFF of the
auxiliary transistors in the gate driver loop is much faster than

the devices in the main power loop, the switching transitions are
viewed as ideal in the analysis.

Stage t0–t1: The equivalent circuit is demonstrated in
Fig. 8(b). Before t0, the upper device is on the ON-state, the
gate-source voltage is at a high level. At t0 the upper switch is
turned OFF, and S1, S3 keeps in the OFF-state, then S2 is turned ON

to discharge the gate-source capacitor.Rg_off is the turn-OFF gate
resistor. The turn-OFF process ends at t1 when the oscillation of
the drain-source voltage disappears. The gate-source capacitor
is charged to the negative voltage and wait for the turn-ON of
the lower device. The turn-OFF time toff of the device can be
calculated from the appendix equations in (A3) and (A8). The
duration of this period should be larger than the turn-OFF time
of the upper devices and lower than the deadtime, namely

toff < t1 − t0 < Td (1)

where Td is the deadtime, which is the turn-ON delay time of the
device to ensure the safe operation of the device. In this period,
the gate-source voltage is the negative driving voltage and the
gate loop impedance keeps in the low state.

Stage t1–t2: The equivalent circuit is demonstrated in
Fig. 8(c). At t1, S2 turns OFF, S3, S1 remains in the OFF-state.
During this period, the impedance of the gate loop is switched
to the high-impedance state. The turn-ON of the lower device
occurs when the deadtime ends. This stage ends when the lower
device turns ON, satisfies

t2 − t1 = Td − (t1 − t0) . (2)

Stage t2–t3: The equivalent circuit is demonstrated in
Fig. 8(d). At t2, the lower device turns ON. The voltage of the
lower device decreases from bus voltage to zero. Meanwhile,
the gate–drain voltage of the upper device increases from zero
to the bus voltage, accompanied by the voltage ring. In this
stage, the gate–drain capacitor is charged, thus, the displacement
current will cause a positive step on the gate source of the upper
device. Since there is a preset negative voltage in the gate-source
capacitor, the device will not turn ON if the voltage is properly
assigned. The selection of the negative voltage will be discussed
in Section IV. This stage ends when the clamping switch turns
ON. The duration of this period satisfies

ton < t3 − t2 < TPWM_L (3)

where ton is the turn-ON time of the lower device and can be
calculated from (A13) to (A18).TPWM_L is the pulsewidth of the
lower device. The upper limit duration of this stage is to ensure
the clamping circuit is turned ON during the ON-state of the
lower device. Since turn-ON time ton of the SiC power devices is
relatively short, the value of t3–t2 is very small. Equation (3) can
be satisfied in most cases. However, under extreme conditions,
when TPWM_L < ton, the clamping pulse of S3 is ignored to
avoid the low-impedance gate loop of the lower device.

Stage t3–t4: The equivalent circuit is demonstrated in
Fig. 8(e). At t3, S3 turns ON to clamp the gate-source voltage to
zero before the turn-OFF of the lower device. Then at t3, S3 turns
OFF. The impedance of the gate loop remains large to isolate the
influence of the common-source inductor. The duration of this
period depends on the response time of the clamping circuit,
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Fig. 8. Equivalent circuit in each stage.

namely

(Rclamp +Rg,int +Rs)Cgs < t4 − t3 (4)

where Rs is the ON-state resistance of the clamping switch.
Rg,int is the internal gate resistance of the SiC MOSFET, Rclamp

is the resistance of the clamping resistor. Basically, this period
should be as small as possible to ensure the device can operate
in the low-pulse conditions.

Stage t4–t5: The equivalent circuit is demonstrated in Fig. 8(f).
In this stage, the upper device remains in high gate loop
impedance, and the lower device is in the ON-state.

Stage t5–t6: The equivalent circuit is demonstrated in
Fig. 8(g). At t5, the lower device is turned OFF by turning ON

S2_L. The voltage of the upper devices will decrease as a result.
The displacement current induces a negative voltage spike on the
gate source of the upper device. In this stage, the gate loop of the
upper device is in the high-impedance stage. The influence of
the common-source inductance can be ignored. The duration of
this stage should larger than the turn-OFF time of the lower device

and smaller than the deadtime, namely

toff < t6 − t5 < Td. (5)

The voltage fall time can be calculated using equations in the
appendix section.

Stage t6–t7: The equivalent circuit is demonstrated in
Fig. 8(h). At t6, the clamping switch of the upper device will
be turned on to drive the gate-source voltage to the zero. When
the gate-source voltage is increased to zero, the upper device is
turned ON. The OFF-state of the upper device is ended. The dura-
tion of the stage should be enough to discharge the gate-source
capacitor, namely

t7 − t6= Td − (t6 − t5) > (Rclamp +Rg,int +Rs)Cgs. (6)

At t7, the upper device is turned ON. Since the control strategy
of the lower device in the OFF-state is same as the upper device,
the detailed description is omitted.

In the proposed scheme, the value selection of Rclamp is
quite important. Basically, Rclamp should be as small as pos-
sible to ensure the fast clamping of the gate-source voltage.
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The clamping circuit conducts in two stages, namely t3–t4 and
t6–t7 in Fig. 7. In both stages, the voltage of gate-source capacitor
is discharged to zero through the loop resistors. The upper limit
of the response time of the clamping circuit loop is reflected in
stage t6–t7, in which the gate-source voltage must be clamped
to zero before the upper device is turned ON. The lower limit of
the response time is to ensure enough damping resistance in the
loop to avoid possible oscillations. As a result, the range of the
Rclamp satisfies

2

√
Lloop

Cgs
< Rclamp +Rg,int +Rs <

Td − toff
Cgs

(7)

where Td is the deadtime, toff is the turn-OFF time of the lower
device, and Lloop is the parasitic inductance in the clamping
loop.

With the proposed circuit and control scheme, the influence
of the common-source inductance on the crosstalk voltage is
eliminated by the proposed high-impedance gate loop. The
influence of Cgd induced crosstalk voltage is canceled by the
prestored charge in the gate-source capacitance.

IV. ASSESSMENT OF OFF-STATE GATE VOLTAGE

REQUIREMENTS OF SiC POWER MOSFET

In the proposed gate driver, the voltage level in the OFF-state
should be considered comprehensively to ensure the reliable
crosstalk elimination under various operation conditions. Since
the influence of the common-source inductance is ignored,
the analysis mainly focuses on the required charge of the gate-
source capacitance. In this section, the design of the negative
value of the OFF-state voltage is discussed considering the non-
linear characteristics of the devices. When there is a large gate
loop impedance, the charge stored in the gate–drain capacitor is
totally transferred to the gate-source capacitor. The gate–drain
capacitance is voltage dependent and must be considered when
selecting the proper OFF-state negative voltage.

The gate–drain capacitance can be approximated as [22]

Cgd =
Cgd0√
1 +

vgd

vtd

(8)

where Cgd0 is the junction capacitance at vgd = 0, and Vtd is
the gate–drain overlap depletion threshold.

The coefficients in (8) can be acquired from the capacitance
curve in the datasheet, as demonstrated in Fig. 9. In the OFF-state
of the device in a phase leg, the voltage rising phase and falling
phase occur due to the switching of the other device. When
the voltage across the device rises, the gate-source capacitor is
charged by the displace current from the drain-source capaci-
tance, the total charge during this phase is

qgd =

∫ Vgd

0

Cgd (v)dv (9)

where qgd is the stored charged in the gate–drain capacitor.
When the voltage rises to the bus voltage, the Bode diode is
fully turned OFF. The gate–drain voltage starts to oscillate to
the power loop parasitic parameters. After the voltage of the

Fig. 9. Drain-source capacitance of SiC power MOSFETs: CREE
c2m0025120d.

body diode increases to the bus voltage, the voltage across
the drain-source capacitance is relatively large, as a result, the
drain-source capacitance Coss can be viewed as constant to
simplify the analysis, the expression of the drain-source voltage
is [4]

Vgd =

⎧⎨
⎩VDC

(
1− cos

(
πt
2tri

))
, 0 ≤ t ≤ tri

VDC + (Vrated − VDC) e
−α(t−tri) cos (ωt) , t > tri

(10)
where α = Rstray/2(Ls + Ld) and ω =

√
1/(COSS(Ls+Ld))−α2,

Rstray is the resistance in the power loop, Coss is the output
capacitance at the bus voltage, Vrated is the rated voltage of the
devices, VDC is the bus voltage, tri is the drain-source voltage
rising time. In the expression of the gate–drain voltage, the peak
voltage is selected as the rated voltage of the device, which
is the largest allowable voltage of the devices in the design
consideration.

When the voltage across the device falls, there exists a dis-
charge current flowing through gate-source capacitor, the total
charge in this phase is

qgd =

∫ 0

Vgd

Cgd (v)dv (11)

where

Vgd =

{
VDC

(
1− sin

(
πt
2tfi

))
, 0 ≤ t ≤ tfi

0, t > tfi
(12)

where tfi is the drain-source voltage falling time. The difference
between the voltage rising phase and voltage falling phase is that
there are no oscillations occurred in the OFF-state device. The
total stored charge will be passed to the gate-source capacitor
during this period. The gate-source capacitance is a voltage-
dependent parameter. Typically, Cgs from datasheet is given
at Vgs = 0V. When the gate-source voltage is applied, Cgs is
larger than the value given in the datasheet [25]. Accurate Cgs

can be acquired from the curve tracer or by the experiments. For
simplicity, in the following analysis, the gate-source capacitance
is viewed as constant. It is a conservative estimation of the
required charge. To eliminate the induced charge of the turn-ON

of the lower device, the required negative voltage to prevent the
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TABLE II
CALCULATED NEGATIVE GATE-SOURCE VOLTAGE TO PREVENT FALSE

TURN-ON OF DEVICES

false turn-ON is given by

Vneg_turnon = −k

(
qgd
Cgs

− Vth

)
(13)

where Vneg_turnon is the negative voltage required to ensure safe
switching of the upper device during the turn-ON of the lower
device, k is the margin in design to prevent the disturbance
from the variation of the parameters and other factors. At t = 0,
Vneg_turnon reaches its maximum value, namely

Vneg_turnon = −k

(
Cgd0VTd

Cgs

(√
1 +

Vrated

VTd
− 1

)
− Vth,min

)
.

(14)
Let k = 1.1, Vth,min is the gate threshold voltage at the

maximum junction temperature, since the threshold voltage
of the gate-source decreases significantly due to the junction
temperature rising [25]. Another consideration is the negative
gate-source voltage generated in stage t6–t7 in Fig. 7. When the
lower device is turned OFF, the drain-source voltage of the upper
device decreases from the bus voltage to the zero. A negative
gate-source voltage is generated during this process, the value
is

Vneg_turnoff = −qgd(VDC)

Cgs
(15)

where Vneg_turnoff is the gate-source voltage after turn-OFF of
the lower device in stage t6–t7, VDC is the bus voltage. Table II
gives a series of the calculated negative voltages by (14) and
(15) from the products in the market. In the calculation, the bus
voltage is empirically selected as VDC = 0.75 Vrated.

On one side, the negative voltage should be enough to prevent
false turn-ON of the devices, on the other side, the negative
voltage should not exceed the negative voltage tolerance of the
device. From the calculated results, most devices satisfy this
requirement. It should be pointed out that the required negative
voltage may be lower than the recommended negative voltage
of the device. Fortunately, the negative voltage endurance of
the gate source is related to the length of the stress time. As
demonstrated in Fig. 10, regarding the Rohm products, the
acceptable surge negative voltage is –10 V in 300 ns. Thus,
if the negative voltage endurance time is controlled in only a
short period of time, the value of the negative voltage can be
increased, which allows larger precharge voltage selection of
the gate-source capacitance. And thanks to the proposed driving

Fig. 10. Acceptable driving voltage waveform of SiC power MOSFETs of Rohm
SCT2080KEHR.

scheme, the negative voltage is only added to the gate source in
a short period of time, as pictured in Fig. 7.

Moreover, as demonstrated in (14), the precharge voltage is
only related to the charge stored in the gate–drain capacitor,
which is unaffected by the switching speed of the device and the
switching current of the device. It is different from the traditional
methods, where the voltage induced across the common-source
inductance is related to the current variation speed. Only the volt-
age at the start and end of the transition needs to be considered
in designing the negative OFF-state voltage.

Above all, with the proposed method, the analysis of the
crosstalk voltage is simplified. The OFF-state negative voltage
can be selected in consideration of the junction temperature
and the nonlinear factors of the gate–drain capacitance. These
parameters can be easily extracted from the datasheet or from
the experiments.

V. EXPERIMENTAL VERIFICATION

In this section, the proposed gate driver is verified through
a set of experiments. The experiments are conducted with the
CREE 1200V/90 A SiC power MOSFET with TO247-3 package.
In the experiment, the upper device acts as the device under
disturbance, and the lower device is switching. The voltage is
measured by the passive voltage probe with 500-MHz band-
width and the current is measured by the shunt resistor with
200-MHz bandwidth. The oscilloscope is Lecory HDO6054A
with 500-MHz bandwidth. To ensure safety, the oscilloscope
is powered by an isolated transformer and controlled remotely.
Apparently, driving the upper switch and measuring the lower
switch is commonly suggested in practice, which is also effective
in verifying the proposed gate driver.

A. Verification of the Proposed Gate Driver

In the test, the deadtime is selected asTd = 1 μs. The turn-OFF

time of the device is within 50 ns, and Rg,int = 1.1 Ω, Rs =
0.7 Ω, Cgs = 2.7 nF. The loop inductance is approximately
15 nH. Based on the design criteria in (7), the range of Rclamp is

2.9 Ω < Rclamp < 350.0 Ω. (16)

Thus, Rclamp = 3 Ω is selected. According to the analysis in
Section III, the time duration in each stage is listed in Table III.
Fig. 11 demonstrates the waveform of the gate driver with the
control sequence of each stage. The S1_H , S2_H , and S3_H are
the driving signals of the auxiliary transistors of the gate driver
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TABLE III
SELECTED TIME IN EACH STAGE

Fig. 11. Gate driver time sequence of the proposed driver.

Fig. 12. Double pulse test of the proposed gate driver at 600 V/60 A with
Rg_L = 5 Ω.

of the upper device. Experimental results demonstrate that the
proposed driving scheme is realized by the designed prototype.
Since the maximum operation bus voltage of the experimental
platform is 600 V, the negative voltage is set to –7.5 V, which is
enough to prevent false turn-ON of the device.

B. Crosstalk Voltage Extraction and Experimental Verification
of the Proposed Driver

In the designed driver, the double pulse test at 600 V/60 A
is conducted. The result is demonstrated in Fig. 12. In reality,
the voltage probe can only measure the voltage at the terminals
of the package, which is the sum of the gate-source voltage and
the voltage drop on the common-source inductor in the high-
impedance state. To acquire the real crosstalk voltage of the
gate-source capacitor, the voltage drop on the common-source
inductor should be excluded.

The measurement method of the common-source inductance
is demonstrated in Fig. 13. In the turn-OFF process of the lower
device, the current of the upper device increases to the load
current. But the drain-source voltage will remain constant due
to the forward conduction of the body diode. In this phase, the

Fig. 13. Measurement of common-source inductance.

Fig. 14. Crosstalk voltage before and after removing voltage drop on common-
source inductance VLs.

measured gate-source voltagevgs_H_Ls is the voltage drop on the
common-source inductor. In conjunction with the current change
rate kslop, the common-source inductance is estimated by

Ls_H =
vgs_H_Ls

kslop
. (17)

In the proposed setup, the extracted common-source induc-
tance is

Ls_H = 4.86 nH. (18)

Thus, the extracted voltage on the gate-source terminal is

vgs_H = vprobe − Ls_H
dids
dt

(19)

where vprobe is the voltage measured voltage at the gate-source
terminal of the package, ids is the measured drain-source current.
With this method, the crosstalk voltage is calculated with gate-
source terminal voltage and current. Fig. 14 demonstrates the
calculated crosstalk voltage from the waveform in Fig. 12. At
time 1.8 μs, the lower device turns ON and a positive voltage
step occurs at the drain source of SiC MOSFETs, as a result, the
gate-source voltage increases about 3 V. At time 4.8μs, the lower
device turns OFF, there is a negative voltage step on the drain
source of the upper device, the gate-source voltage decreases
about 3.0 V consequently. There is a significant deviation in the
measured crosstalk voltage and the extracted crosstalk voltage
on the gate-source capacitance. The voltage stress of the gate-
source terminal is smaller than the measured voltage from the
probe. In the following waveforms, the crosstalk voltage refers
to the voltage on the gate-source capacitance with the voltage
drop on the common-source inductor removed.
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Fig. 15. Crosstalk voltage of the proposed method and Miller clamping
method at 600 V/60 A.

C. Performance Comparison Between the Miller Clamping
Method and Proposed Gate Driver

A performance comparison between the Miller clamping cir-
cuit [18] and proposed gate driver is provided. As demonstrated
in Fig. 5, since the voltage probe measures the voltage at the
terminals, the crosstalk voltage is extracted as with the method
in part B. Ignoring the ripple voltage on the clamp capacitor, the
extracted crosstalk voltage is calculated by

Vgs_H = Vprobe − Rg,int (Rs +Rg,ext) (Vg_off − Vprobe)

RsRg,ext

− Ls_H
dids
dt

(20)

where Rg,int is the internal gate resistor, Rg,ext is the exter-
nal gate resistor, Rs = 0.35 Ω is the resistance of the clamp-
ing switch. In the test, Rg_L = 5 Ω is adopted. The extracted
crosstalk voltage of the proposed method and Miller clamp
method is given in Fig. 15. It is demonstrated that Miller
clamp method is insufficient in eliminating crosstalk voltage.
The induced peak negative voltage exceeds –10 V, which is the
suggested maximum negative voltage in the datasheet. If there
is an increase in the negative voltage to make the peak negative
voltage in the permitted range, the peak positive voltage may
be larger than the threshold voltage of the device. As a contrast,
the proposed method guarantees the crosstalk voltage in the safe
range, which validates the effectiveness of the proposed method.

D. Influence of the Operation Point on the Crosstalk Voltage

From the above analysis, the value of the crosstalk voltage of
the proposed driving scheme is only related to the drain-source
voltage of the device. Figs. 16 and 17 demonstrate the mea-
sured crosstalk voltage at different voltage/current conditions.
When the drain-source voltage increases from 200 to 600 V, the
crosstalk voltage increases accordingly. At 30 and 60 A switch-
ing conditions, the crosstalk voltage is nearly the same, which
owes to the elimination of the influence of the common-source
inductance. The switching current hardly affects the crosstalk
voltage.

Fig. 16. Crosstalk voltage at different bus voltage at 60 A.

Fig. 17. Crosstalk voltage at different bus voltage at 30 A.

E. Influence of the Switching Speed on the Crosstalk Voltage

In conventional methods, the crosstalk voltage is influenced
by the switching speed due to the gate–drain capacitor and
the common-source inductor. In the proposed gate driver, the
value of the crosstalk voltage is only related to the start point
and end point of the gate–drain voltage. The switching speed
on the crosstalk voltage is negligible. Fig. 18 demonstrates
the crosstalk voltage measurements at different driving resis-
tance at 600 V/60 A. Experimental results demonstrate that the
crosstalk voltage keeps nearly the same at different gate driver
resistors.

F. Influence of the Junction Temperature on the Crosstalk
Voltage Elimination

In the continuous switching of the device, the junction temper-
ature of the device will increase. And the threshold voltage will
decrease as the increase of junction temperature. To verify the
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Fig. 18. Crosstalk voltage at different switching speeds of the lower device.

Fig. 19. Influence of junction temperature on crosstalk voltage at 600 V/60 A
and Rg_L = 5 Ω.

validity of the proposed gate driver under high junction tempera-
ture conditions, the proposed method is verified in high junction
temperature conditions at 600 V/60 A. The measured crosstalk
voltage is demonstrated in Fig. 19. As junction temperature
increases, the crosstalk voltage remains constant. Compared
with traditional results that the crosstalk voltage is influenced by
the junction temperature significantly [27], the proposed scheme
demonstrates less temperature dependence.

In conclusion, the proposed gate driver is verified in differ-
ent operation points, different switching speeds, and different
junction temperatures. The test results demonstrate excellent
robustness in various switching conditions. In the application,
the proposed gated driver is immune to the influence of the
junction temperature and switching speed. It should be clarified
that extra isolated power supply and isolated signal for the
auxiliary clamping switch is required, which makes it a little
complex and expensive compared with gate drivers without any
clamping circuit. Fortunately, it can be integrated into a gate
driver chip for reducing the complexity.

VI. CONCLUSION

A high OFF-state gate loop impedance driver has been pro-
posed to eliminate the crosstalk voltage in a phase-leg con-
figuration of SiC MOSFETs. It is pointed out that the crosstalk
voltage is not only caused by the Miller capacitor but also
by the common-source inductor of the package. The proposed
method eliminates the influence of the common-source inductor
with higher gate loop impedance. And a negative charge is

prestored in the gate-source capacitor to eliminate the influence
from the gate–drain capacitor. To ensure the reliable opera-
tion of the device, the requirements of the negative voltage
of the gate source considering the voltage tolerance and junc-
tion temperature have been assessed. The calculation results
of the negative voltage demonstrate that though the required
negative voltage may be larger than the recommended nega-
tive voltage of the commercial device, this side effect can be
canceled by the short negative voltage stress time of the gate
electrode due to the proposed scheme. The proposed method is
capable of driving most of the commercial devices. Moreover,
thanks to the proposed high OFF-state impedance gate driver,
the influence of the current change in the power loop can be
neglected, which makes the induced crosstalk voltage is less
influenced by the switching current and the junction temperature.
Finally, the proposed scheme is verified through a set of experi-
ments and demonstrates stable performance under different test
conditions.

APPENDIX

The analytical model of the crosstalk voltage is provided here
to describe the influence of the parasitic and nonlinear param-
eters. Since the crosstalk voltage is induced by the switching
of the other device in the phase leg, it is controlled by the
speed of the other device passively. Due to the nonlinearity
of the device behavior, it is difficult to acquire the analytical
model considering all the nonlinear behaviors. Here, we use
an analytical model based on the analysis in [24] to describe
the switching of the lower device. Then the crosstalk voltage is
deduced based on the analysis.

The considered parasitic parameters include the common-
source inductance, nonlinear junction capacitance and the re-
verse recovery of the diode. The oscillations in the power
loop due to the leakage inductance and parasitic capacitance
is ignored in the analysis for simplicity. In the given model, the
voltage drop on the common-source inductor and the charging
current of the junction capacitor are modeled with the average
value in the transition duration. The transfer function of the SiC
power MOSFET is described by

ich = k1(vgs − Vth)
x + k2 (A1)

where ich is the channel current, the coefficients k1, Vth, x,
and k2 can be acquired from the curve fitting in the datasheet.
As demonstrated in Fig. 20, the turn-ON of the lower device
is divided as current rising stage s1 and voltage falling stage
s2, and the turn-OFF is divided as voltage rising stage s3 and
current falling stage s4. In each stage, if the drain-source current
is changing, the drain-source voltage is described by a constant
average value, and vice versa. The equivalent circuit is given in
the figure, the analytical model is deduced below in each stage
separately.

Stage s1: In this stage, the voltage on drain source of the
upper device decreases from the bus voltage to the zero. There
exists a discharging current to the drain-source capacitance.
The average discharging current Ioss is acquired by numerically
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Fig. 20. Equivalent circuit of gate loop of the upper device at different
switching stages of turn-ON/OFF of the lower device.

solving equation

2Ls_L

QossRg_L
Ioss

2 +

(
Cgd

Cgd + Cds

)
Ioss

− 1

Rg_L

(
IL − 2Ioss − k2

k1

)x

+
Vg_off − Vth

Rg_L
= 0 (A2)

where Qoss is the charge stored in the drain-source capacitance
at bus voltage VDC, Cgd and Cds are the junction capacitance
accordingly, and Vth is the threshold voltage of the device, IL
is load current. The duration of the stage s1, represented by ts1,
is calculated by

ts1 =
Qoss

Ioss
. (A3)

The voltage of the Miller platform Vmiller can be calculated
by

Vmiller = Vth +

(
IL − 2Ioss − k2

k1

)x

. (A4)

Since the voltage decreasing speed and current rising of the
upper device and lower device are complementary, as demon-
strated in Fig. 20. Due to the switching of the lower device, the
average voltage drop VLs_H on the common-source inductance
of the upper device is

VLs_H =
2Ls_HIoss

2

Qoss
. (A5)

The displace current Igd_s1 of the gate–drain source capaci-
tance of the upper device is

Igd_s1 =
Vmiller − Vg_off − VLs_H

Rg_L
. (A6)

Calculating the equivalent circuit in the stage s1 in Fig. 20,
the crosstalk voltage vgs_s1 in stage s1 is

vgs_s1(t) = (VLs_H − Igd_s1Rg_H)
(
1− e−

t
τ

)
(A7)

where τ = Rg_HCgs is the response constant of the circuit. At
the end of the stage s1, the crosstalk voltage is vgs_s1(ts1).

Stage s2: The drain-source current of the upper device starts
to increase to the load current, thus produce a voltage drop on
the common-source inductor. The drain-source voltage keeps
unchanged in this stage, thus, there is no feedback current to the
gate loop. The time duration ts2 of this stage is controlled by the
Miller plateau voltage of the lower device, namely

ts2 = −ln

(
Vg_on − Vg_off

Vmiller − Vg_off

)
· (τ + gm_s2Ls_H) (A8)

where gm_s2 is the transconductance of the device and given by

gm_s2 =

(
k1(IL − 2Ioss)

x

IL − 2Ioss − k2

) 1
x

. (A9)

Solving the equivalent circuit in Fig. 20, the crosstalk voltage
vgs_s2 is

vgs_s2(t) =

(
Ls_H (IL − 2Ioss)

ts2

)(
1− e−

t−ts1
τ

)
+ vgs_s1 (ts1) e

− t−tts1
τ . (A10)

Following the stage s2, the crosstalk voltage will decrease
to the negative driving voltage freely. The expression of the
crosstalk voltage vgs_end is

vgs_end(t) = −vgs_s2 (ts1 + ts2) e
− t−tts1−ts2

τ . (A11)

Stage s3: The lower device is turned ON, as a result, the current
of the upper device will increase to the load current. Meanwhile,
the drain-source voltage keeps the same. The transconductance
gm_s3 is

gm_s3 =

(
k1IL

x

IL − k2

) 1
x

. (A12)

The current rising time tri is

tri = −ln

(
1− IL

gm_s3 (Vg_on − Vth)

)
· (τ + gs_s3Ls_H) .

(A13)
The current rising slop kri of the device is

kri =
IL
tri

. (A14)

When the drain-source current rises to the load current, the
reverse recovery of the body diode occurs. In this article, the
reverse recovery current and the charging current of the drain-
source capacitance is modeled separately. The drain-source cur-
rent of the lower devices will rise to the peak current at which
the reverse recovery current reaches its peak value. During this
stage, the drain-source voltage of the upper device remains zero
due to the voltage clamping of the diode. The duration of the
stage s3 ts3 can be calculated by numerically solving

kriτc

(
tri + τc − ts3 − τce

− ts3
τc

)
+ Tm (IL − kritri) = 0

(A15)
where τc and Tm are the parameters of the body diode of the
power MOSFETs and can be acquired from the datasheet of the
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device. The extraction procedure is given in [24]. The crosstalk
voltage vgs_s3 can be calculated by

vgs_s3(t) = kriseLs_H

(
1− e−

t
τ

)
. (A16)

Stage s4: When the current of the body diode falls from the
peak reverse recovery current, the body diode starts to block
voltage and the lower device enters the Miller plateau. The
channel current of the lower device is composed of the charging
current of the drain-source capacitance of both devices. The
charging current Ioss is calculated by numerically solving

− 2Ls_L

QossRg_L
Ioss

2 +

(
Cgd

Cgd + Cds

)
Ioss

− 1

Rg_L

(
IL − 2Ioss − k2

k1

)x

+
Vg_on − Vth

Rg_L
= 0. (A17)

The voltage rising time ts4 of the upper device is

ts4 =
Qoss

Ioss
. (A18)

The expression of the voltage drop of the common-source
inductance and displacement current is the same as (A5) and
(A6). In this phase, when the reverse recovery current falls from
the peak current, there is a positive voltage vgs_s4_rr induced,
namely

vgs_s4_rr(t) = − Ls_HIrr
τrr −Rg_HCgs

(
e−

t−ts3
τ − e−

t−ts3
τrr

)
(A19)

where Irr is the peak reverse recovery current and given by

Irr = krits3 − IL. (A20)

The crosstalk voltage vgs_s4 in this stage is expressed as

vgs_s4(t) = (VLs_H + Igd_s1Rg_H)
(
1− e−

t−ts3
τ

)
+ vgs_s3 (ts3) e

− t−ts3
τ + vgs_s4_rr(t). (A21)

Following the stage s4, the crosstalk voltage will decrease
to the negative driving voltage freely. The expression of the
crosstalk voltage vgs_end is

vgs_end(t) = −vgs_s4 (ts3 + ts4) e
− t−tts3−ts4

τ . (A22)
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