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A Gate Driver of S1iC MOSFET for Suppressing the
Negative Voltage Spikes in a Bridge Circuit

Feng Gao ', Member, IEEE, Qi Zhou

Abstract—SiC MOSFET has low on-state resistance and can work
on high switching frequency, high voltage, and some other tough
conditions with less temperature drift, which could provide the sig-
nificant improvement of power density in power converters. How-
ever, for the bridge circuit in an actual converter, high dv/dt during
fast switching transient of one MOSFET will amplify the negative
influence of parasitic components and produce the significant neg-
ative voltage spikes on the complementary MOSFET, which will
threaten its safe operation. This paper proposes a new gate driver
circuit for SiC MOSFET to attenuate the negative voltage spikes in
a bridge circuit. The proposed gate driver adopts a simple voltage
dividing circuit to generate a negative gate-source voltage as tra-
ditional and a passive triggered transistor with a series-connected
capacitor to suppress the negative voltage spikes, which could sat-
isfy the stringent requirements of fast switching SiC MOSFETs un-
der the high dc voltage condition with low cost and less complexity.
An analysis is presented in this paper based on the simulation and
experimental results with the performance comparison evaluated.

Index Terms—Auxiliary transistor, bridge configuration, gate
driver, SiC MOSFET.

1. INTRODUCTION

ILICON-BASED technology has to some extent reached
S its physical limits for power handling and switching fre-
quency capability. To meet the application demands of high
power density, high switching frequency, and high operational
temperature, wide bandgap devices have become the important
alternatives because of their unique characteristics and better
performances [1]-[3]. As the promising wide bandgap device,
Silicon Carbide (SiC) MOSFET is an excellent alternative of Si
IGBT for high power converters [4]-[6]. However, high switch-
ing speed may amplify the negative influence of parasitic com-
ponents and produce the large gate-source voltage spikes during
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switching transients [7], [8]. Besides, compared to Si MOSFETS,
the SiC MOSFETs can withstand the smaller negative gate-source
voltage [9], [10], which put forward the strict requirements for
gate driver’s design. Taking the commercial product of CREE’s
SiC MOSFET for example, the minimum allowable negative gate-
source voltage of the first generation CREE’s typical 1.2-kV
SiC MOSFET CMF20120D is only —5 V. The second generation
CREE’s typical 1.2-kV SiC MOSFET C2M0040120D has sig-
nificant improvement, but its negative gate-source voltage still
cannot exceed —10 V [11], [12].

In practice, the bridge configuration is a kind of commonly
used converter, where turning-on and turning-off of one switch-
ing device will generate the gate-source voltage spikes on
its complementary device especially under the high switching
speed condition due to the unavoidable crosstalk phenomena.
In principle, gate impedance control and gate voltage control
are two basic ideas assumed for crosstalk suppression [13]. In
specific, gate impedance control is to make the gate impedance
of one switch become smaller during the switching transient of
its complementary, whose simple realization method is to add
a capacitor between gate and source of SiC MOSFET [14], [15].
Such approach is simple and effective but will unavoidably in-
crease the switching losses due to the decreased switching speed.
Ishikawa et al. [16] proposed to use the actively controlled gate
resistance to reduce switching spikes, which however needs to
make a feedback control and consequently results in a relative
small time delay.

On the other hand, the gate voltage control is to provide
a negative gate-source voltage when the positive gate voltage
spikes occur. Wang and Chung [17] designed a level-shift circuit
without using any extra voltage source, which could generate
the negative gate voltage to lower down the positive gate volt-
age spikes and speed up the switching OFF operation. However,
the negative gate voltage brings the risk for damaging the devices
when the negative gate-source spikes exceed the minimum al-
lowable negative biased gate voltage. Zushi et al. [18] provided
another method to eliminate the positive gate voltage spikes
by controlling an auxiliary transistor without slowing down the
switching speed of SiC JFET, but it cannot eliminate the neg-
ative voltage spikes. So it is suitable for SiC JFET because its
minimum allowed negative gate-source voltage is —25 V. The
combined method proposed in reference [19] can eliminate both
positive and negative spikes, which makes the gate impedance
become small during the switching transient and uses an ad-
ditional voltage source to provide the negative gate voltage.
However, the auxiliary actively controlled transistors and the
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additional voltage source will unavoidably increase the circuit
complexity and cost. Zhou et al. [20] assumed the level shift
circuit to generate the negative gate-source voltage and added
a passively controlled part to eliminate the negative gate-source
voltage spikes, which however is still a little bit complex and
will decrease the turning-off switching speed. Some resonant
gate drivers were also proposed for high switching frequency
applications to reduce its power consumption [21], [22], but
the topologies are usually complex and the undesired trigger-
ing may occur in cases of high-voltage applications. This paper
proposes a gate driver of SiC MOSFET for achieving better perfor-
mance on eliminating the negative gate-source voltage spikes,
which adopts a traditional voltage dividing circuit to generate a
negative gate-source voltage and a passive triggered transistor
with a series capacitor to suppress the negative voltage spikes.
The simulations using LTspice and an experimental prototype
were carried out to show the performance of the proposed gate
driver under different drain-source voltages and different gate
resistances with the comparison to other gate circuits.

II. PROPOSED GATE DRIVER CIRCUIT AND ITS
OPERATIONAL PRINCIPLE

Before analyzing the proposed gate driver circuit and its op-
erational principle, this section assumes the synchronous buck
converter to simply illustrate the generation mechanism of both
positive and negative gate-source voltage spikes. In specific,
when the upper switch is turning ON, the voltage between drain
and source terminals of the lower switch is suddenly rising up,
which induces a current through the parasitic capacitor Cyy_1.
and it will charge up the gate-source capacitor Cy_s,, as shownin
Fig. 1. Consequently, the gate voltage of lower switch is pushed
up and generates a positive spurious triggering pulse [23], [24].
On the other hand, when the upper switch is turning OFF, the
negative spurious voltage between the gate-source terminals
of the lower switch induced by the load current, as shown in
Fig. 2, may also overstress the power device.

The parasitic inductance of L, and L, will unavoidably in-
duce the gate voltage oscillation, which can be damped by
increasing the gate resistance ;. However, along with the in-
crease of gate resistance I, the spurious triggering voltage will
increase when the external parasitic inductance L, is not added.
While according to Wang et al. [25], the spurious gate voltage
will decrease when L is added in the circuit. In general, the
spurious triggering pulse induced by the gate impedance of the
nonoperating switch depends on the contributions of Cy,dv/dt
and L,di/dt. Therefore, it can be concluded that the peak value
of voltage spikes is determined by the equivalent parameters of
switching device itself, the gate loop parasitic components, the
power loop parasitic inductances and the maximum value of dc
voltage across drain and source terminals.

To attenuate the negative gate voltage spikes, the proposed
gate driver neither assumes a large uncontrollable capacitor
across gate and source terminals nor implements an actively
controlled circuit to achieve the variable gate capacitance. The
detailed gate driver circuit is drawn in Fig. 3, where the neg-
ative gate voltage is generated by using a voltage level shifter
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Tllustration of turning-off transient of the upper switch in a bridge

as traditional. The turning-on speed will not be affected be-
cause Cy, can be charged by capacitor C5. Besides, according
to the voltage between base and emitter terminals, the passively
triggered auxiliary transistor Q in the proposed circuit can con-
nect the capacitor C5 to the gate terminal of SiC MOSFET when
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Fig. 3. Proposed gate driver circuit.

the negative gate voltage spikes occur. In addition, R, is the
external gate resistor of the gate driver circuit to mitigate the
parasitic ringing.

In detail, this circuit consists of four resistors Ry, Ro, Rs,
and R, two capacitors C; and C5, one diode D and a p-n-p
transistor Q. R; and R, make up a series voltage divider circuit
and can generate various negative gate-source voltages based
on the values of R; and R, without using any extra voltage
source. The capacitor C; will make the negative gate-source
voltage constant. Therefore, C; should be large enough to keep
the voltage almost constant. Capacitor C5 in series with a p-n-p
transistor Q provides another small impedance loop when the
negative gate-source voltage spike occurs. Resistor R3 is used
to turn ON or OFF the transistor Q passively and the diode D can
help keep the turning-off speed unchanged because the current
goes through D instead of R3 when the SiC switch turns OFF.
The transient operation analysis and the components design of
the proposed gate circuit will be discussed below.

A. Precharging Process

The main purpose of precharging process is to make sure
the voltage across C; and C being constant. Before the main
circuit begins to work, the gate circuit should be precharged
by gate voltage source V; to guarantee that the capacitors ob-
tain enough energy. Fig. 4 shows the current direction of the
precharging process before the main circuit begins to work. Dur-
ing the precharging process, both Cy and C;; will be charged
up. But because there is no voltage across drain and source ter-
minals of SiC MOSFET, the half-bridge circuit will not suffer the
shoot-through problem. After the precharging process, the neg-
ative voltage of C'; will clamp the C,, voltage to be negative,
while p-n-p transistor Q is OFF and 'y can keep its voltage to be
the positive gate voltage. During the operation of the main cir-
cuit, the precharging process is accomplished during the turn-on
transient, which will not induce the shoot-through phenomena
as well due to the complementary switching characteristics of
half-bridge circuit.

There are two main stages of the precharging process: The
first stage is to charge the parasitic capacitor Cy, and the second
stage is to charge the capacitor Cs.

During the first stage, the gate current will first charge the
parasitic capacitor Cy, of SiC MOSFET. The equivalent circuit
is shown in Fig. 5(a). In order to make capacitor C5 being
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Fig. 5. Equivalent circuits of precharge process under (a) stage 1 and
(b) stage 2.

charged, R3 should be large enough to make Vi3 being larger
than the threshold voltage of the p-n-p transistor Q. And then,
the p-n-p transistor Q turns ON and the precharge process turns
to the second stage. The capacitor C'y can be charged up and
obtain a steady-state value. The equivalent circuit of the second
stage is shown in Fig. 5(b). In general, the gate current will de-
crease gradually along with the charging duration increase since
the voltages of Cy and Cy, will increase gradually. Before the
p-n-p transistor Q turns OFF, the voltage of Cy should be nearly
the positive gate voltage in theory, which can be achieved by
properly selecting R3. The components selection will be further
introduced in Section II-E in order to ensure the proposed gate
driver working well.

After the precharging process, the p-n-p transistors are OFF
and the control signals of both upper and lower SiC MOSFETS
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Fig. 6. Illustration of turning-on transient of MOS_H in a bridge circuit.

are switched to be OFF. The capacitor C; will provide a negative
gate-source voltage for C,. Then, the main circuit can begin to
work as normal.

B. Turning-On Transient

When the MOS_H turns ON and the MOS_L keeps OFF, part
of driver current goes through R3_z, which makes the voltage
between the emitter and base of Q_H positive. As shown in
Fig. 6, the p-n-p transistor Q_H will turn ON and the gate-
source capacitor Cy, i of MOS_H is charged by the capacitor
Csy_pr . Therefore, the turning-on speed of MOS_H will not be
slowed down in this circuit. When the voltage of capacitor C_g
decreases, the gate source V, will charge the capacitor Cs_y
and the gate-source capacitor Cys_y of MOS_H simultaneously.
And when the p-n-p transistor Q_H turns OFF along with the
decrease of gate current, the gate-source capacitor Cy, g of
MOS_H can still be charged by the gate voltage V. However,
part of inductive load current will charge Cy,_; and raise the
gate voltage of MOS_L. The unwanted gate voltage rise may
trigger the MOS_L to shoot through the main circuit. Therefore,
the added negative gate voltage of C';_;, can eliminate this risk
and prevents the unwanted shoot through in the proposed gate
circuit.

C. Turning-Off Transient

Fig. 7 illustrates the equivalent circuit and current directions
during the turning-off transients of upper SiC MOSFET. In spe-
cific, when the MOS_H turns OFF and the MOS_L still keeps
OFF, the voltage across C'; makes C,,_y of MOS_H get a neg-
ative voltage through the diode D_H instead of Rs3 . And the
capacitance of C; should be large enough to keep the nega-
tive voltage be almost constant during one switching period.
Besides, the voltage between the base and emitter of Q_H is
positive. Therefore, the p-n-p transistor Q_H turns OFF and C'y
does not work. The turning-off speed of MOS_H will not be
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Fig.8. Currentdirection of lower switch’s gate driver when C’_j, is connected
to the circuit.

affected. On the contrary, this negative voltage accelerates the
discharge of gate-source capacitor Cy,_y of MOS_H.

D. Operational Principle of Negative Gate Voltage Spike
Suppression

When the MOS_H turns OFF, drain-source voltage of the
lower switch MOS_L will suffer a sudden mutation from V.
to 0. The negative gate voltage spike will occur on the MOS_L.
Fig. 8 shows the current direction of the proposed gate driver
when the negative gate voltage spike occurs. The proposed gate
driver circuit will make part of the leakage current go through
the resistor R23_;,. Actually, this current will increase gradually
because of the existence of parasitic inductance L,. When the
voltage across Rj3 reaches the threshold voltage of p-n-p transis-
tor, 0.7 V in general, the p-n-p transistor works and the capacitor
Cy connects to the circuit.
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Doing so, it could provide another low impedance loop
through the p-n-p transistor and C'5_y, to release the energy stored
in the parasitic capacitor Cy,_ 1 and suppress the negative gate-
source voltage spikes effectively. When the p-n-p transistor Q_L
is turning ON, its voltage drop will be Vioy 1 + Veoor + Ves o,
where Vi3 1 is the voltage across Rs_j from right to left. The
commonly used p-n-p transistors, e.g., ZXTP25140BFHTA,
could have the large voltage drop when turning on [26], which
can keep the connection of Cy. And along with the decrease of
leakage current, the p-n-p transistor will turn OFF since Vg3 1,
will not keep triggering the p-n-p transistor. Because the p-n-p
transistor only conducts for the short intervals during the whole
switching period to suppress the negative gate voltage spikes
and charge (', the losses of the proposed gate driver indeed
will not increase significantly.

Itis also noted that the actual voltage across R,, Ri, and C
is —(Vio1 + Vis), but the proposed circuit can still perform bet-
ter than the traditional gate driver because the voltage across 3
is small and the accessed 'y can attenuate the negative voltage
spike significantly. On the other hand, when the p-n-p transistor
is ON, the voltage across it is large. However, according to p-n-p
transistor working principle, the collector current I, = (1I;,, and
the emitter current I, = I, + I., where (3 is the dc amplifying
coefficient of p-n-p transistor. Therefore, the maximum current
through C5 is determined by the characteristics of the assumed
p-n-p transistor. When employing the proper p-n-p transistor,
most of the leakage current will go through C'> and does not
increase the voltage drop across R3 significantly.

E. Passive Components Design Criteria

In this section, passive components design criteria are ana-
lyzed. First, according to Kirchhoff laws and the Laplace trans-
forms applied to Fig. 5(a), (1) can be obtained

A L(s) + Ry - [T (s) = I,(s)] = 0
Ry - [L,(s) = Ic, (s)] = R - [T (s) — L(s)] = %

- (D
(Rg + R + Ry + %) o, () + Rou- I, (s)
= RQ . IS (S)
Therefore, the current through C'y, can be derived as follows:
Vs

I(; J\S) =
!7.( ) AlS +AQ + S.CIAJ%;1+1

1 1
_ (ESjL AICIRI).‘/S 2)
- 1 A Ay +A:
5% + (ClRl + ﬁ)s + Ici ks

where
Al = Ry + Ry, + R3

1 Ry+R3+R,+Riy
Ay = C, + R, C,
Ax — 1 _ Ry+R3+R;+Ri
37 Oy Ry R, C,

In order to avoid fluctuations on the current of Cy,, C; and
R3 should meet the following equation:

4A1 A3 - O1Ry = (A] — Ay - C1 Ry )? 3)
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Fig. 9. Simplified circuit of precharge process stage 2.

And the voltage across resistor [23 can be calculated based
on (2)

Up3 = RZIVL’ e_(ﬁ+2%)‘t
- t'( - Azz)e‘(zv?m*ﬁﬁ)‘t. )
2GRy 24,

The selection of R3 should be large enough to make v, 3
being larger than the threshold voltage of the p-n-p transistor Q
so that the capacitor C'y can be charged during the precharging
process, which means

+ R; -V
v,, (0 ) = Ry + R + Ry > 0.7. 5)
Where, the threshold voltage of the p-n-p transistor Q is as-
sumed to be 0.7 V. It is noted that when the gate resistance I2,
becomes smaller, (5) can be fulfilled more easily and the voltage
of (5 can be charged to the wanted positive voltage more easily
because the p-n-p transistor Q can keep ON longer. Therefore,
a relatively small gate resistor is encouraged to be used. Ac-
cording to Wang and Chung [17], capacitor C; should be much
larger than the parasitic capacitor Cy so that the precharging
process is hardly affected and the circuit can be simplified, as
shown in Fig. 9.

Conducting Laplace transform, V. (s) can be solved as
CZ + R};ZCZ + Rl
‘/(' S 2 2s ‘/s 6
1 )B1SZ+B25+RO ©
where

By = C1CQR3

By =Cy +Cs + CyRgR3 .
P

Performing the inverse Laplace transform, ve, (t) can be
solved as follows:
_ Y
~ RyRy

ve, (t)

2B,V

Ry\/BZ— 4B, R,

1 71?271/1}:5741?11?(%
e
By— /BZ— 4B, R,
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+ e
By ++/B} — 4B R,

(CQ—FCZR’) <

-\/B2 74311“] +4/B3 7.1311“]
+ Y Fa— —e znl
V/B% — 4B R,

)

From (7), the initial value and the final value of negative gate
voltage is vo, (0) = 25— — i \/QBBZI‘;*'BIR and ve, (00) =

Ry R,
Vs, respectively. Therefore, the precharging process can
2BV,

Ry+/B3—4B\ R,

And before the p-n-p transistor Q turns OFF, the voltage of ca-
pacitor C5 should approach the positive gate voltage. Therefore,
when the voltage of R3 equals to 0.7 V, the voltage of capacitor
C5 should meet (8), where the margin can be set to 0.2 V

Ry
> = V.02 8
|U01|>R1+R2V 0 ®)

Further, (9) can be derived by considering above constraints

1 A
2A,C1 Ry 2.4%

oot Tt — o7 )

R+B’

be accelerated if is as small as possible.

1 Ay
= Ry Ve ~(goyprtaa)t

VRy = A, —t-

Ucz(t):V_UCI(t)>ﬁVS_O2

On the other hand, the negative gate voltage should meet the
following inequality to avoid shoot through:

|v01 ‘ > ucgs (max) - Vgs(th)~ (10)

So, resistors R; and Ry should meet the following operation
conditions:
B _ V.
Ry ucgs (max) - Vgs(th)

—1. (11)

Additionally, the values of passive components are related to
the turning-off transient process. During turning-off transient,
the capacitor C will be discharged through R; and R;. There-
fore, in order to neglect the discharging of C through R; and
Ro, the time constant should be large enough, that is to say
Rﬁﬂ% - C1 > Ty, and Ty is the switching period. Performing
the Laplace transform and the inverse Laplace transform, vc,,
can be calculated as

C1Ve
G + Orls

Therefore, the capacitor C; should be much larger than Cl
to make the voltage across Cy, reach V.

When considering the negative voltage spikes suppression
and neglecting the normal negative gate-source voltage, the

[1 _ 6*((}*1+ﬁ)(3in+133)t]. (12)

ve,, (t) = —
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simplified Laplace transform equivalent circuit is shown in Fig.
10, where R represents R; and Ry in parallel.

First, in order to make p-n-p transistor Q turn ON when the
negative gate-source voltage spikes occur, the emitter-base volt-
age should be larger than the threshold voltage of the p-n-p
transistor. According to Kirchhoff laws, the current through 13
is presented as by (13) shown at the bottom of this page.

Performing the Laplace inverse transform, and the maxi-
mum current through R3 can be obtained by the following
equation:

Vzlc 2R1
qu R - (Rg + R!] + Rin) '
Therefore, the following equation should make the voltage

of R3 being larger than the threshold voltage of the p-n-p
transistor Q:

IR, (max) = (14)

Vae 2R, -Rs
Co R

-(Rs + Ry + Rin) > 0.7.

Ug, (max) = Ip, (max) - Ry =

5)

Then, after the p-n-p transistor Q turns ON, most of the cur-
rent Ic44 Will go through Cy instead of Cy, and Rj3, and the
corresponding equivalent circuit is shown in Fig. 11. Therefore,
the rated voltage across emitter and collector terminals of p-n-p
transistor should be larger than V;. The p-n-p transistor works
on amplification region and the rated current should be larger
than the initial value of gate current and the current I¢4,. Be-
sides, in order to absorb more /¢ 4,, the amplifying coefficient
of selected p-n-p transistor should also be as large as possible.

I (8) _ ‘/d(, . SCl Rl + 1
B Chy  \S?C1R/(Rs + Ry + Rin) 4 5[Cys (R + Ry + Ry + Rin) + C1 Ry ] + 1
" (SC1R1 + 1)Cdg

13
SgclR/(Rg —‘v‘Rg +Rin)+S(R/+R3 +Rg +Rin)} 13
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Fig. 12. Topologies of different gate drivers with: (a) Level shifting circuit
proposed in [17], (b) positive spikes suppressing circuit in [18], (c) active
suppressing circuit GIR in [19], (d) active suppressing circuit GVC in [19], and
(e) passive suppressing circuit in [20].

According to p-n-p transistor working principle, the collector
current I. = (I, and the emitter current I, = I, + I., where
[ is the dc amplifying coefficient of p-n-p transistor. Therefore,
the larger dc amplifying coefficient is, the more leakage current
can be absorbed, which means most of the leakage current will
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TABLE I
COMPARISON OF DIFFERENT GATE DRIVERS

Gate Suppressing positive Suppressing negative Complexity
driver gate-source voltage ~gate-source voltage
spikes spikes
Proposed gate driver Yes Yes Normal
Fig. 12(a) Yes No Normal
Fig. 12(b) Yes No Normal
Fig. 12(c) Yes Yes Additional control signal
Fig. 12(d) Yes Yes Additional control signal
Fig. 12(e) Inferior Yes Normal
TABLE II
MAIN PARAMETERS OF C2M0040120D
Parameters Values
Minimum/maximum allowed gate source voltage ~ —10 V/4-25V
Gate threshold voltage 28V
Internal gate resistance 1.8Q
Drain-source breakdown voltage 1200 V
Input capacitance 1893 pF
Reverse transfer capacitance 10 pF
Drain-source on-state resistance 40 mQ2
-3.5V
-4.5V! ;f e
» N .I ',
-5.5V: AR gl
I'. \ [/
S 6.5V1 AR
w \ /
=) f
- -7.5V+
-8.5V1 i/
v
1 —
9.5V1 ¢ ?-i'I Vae=200V
Vae=400V
-10.5V 1 210.66V. / ¢
-11.45V | Vde=600V
115V L
0 6ns 12ns 18ns 24ns 30ns 36ns 42ns 48ns 56ns 62ns 68ns
Tins)
Fig. 13.  Gate-source voltage spikes waveform of most basic gate driver under

different dc voltages.

go through C5 and does not increase the voltage drop across R
significantly.

Being similar to (5), a small gate resistor R, is also recom-
mended to fulfill (15) to make the proposed gate driver work
well, because the large gate current can help the auxiliary tran-
sistor Q turn ON for a longer time to suppress the negative voltage
spikes effectively.

F. Comparison of SiC mosfet Gate Drivers

In order to show the advantages of the proposed gate driver,
some comparisons with other novel gate drivers are presented
in details. Fig. 12 shows five MOSFET gate drivers proposed in
[17]-[20]. The circuits in reference [17] and [18], as shown
in Fig. 12(a) and (b), can suppress the positive gate-source
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TABLE III
PASSIVE ELEMENTS PARAMETERS OF DIFFERENT GATE DRIVERS
Gate drivers Ry Ro R3 (&5 Cy Cy
Proposed gate driver 2.5 kQ2 9.5k 20 02uF  0.1uF /
Fig. 12(a) 2.5kQ 9.5k / 02uF 0.1 uF /
Fig. 12(b) 2Q / / 0.1uF  6.8nF /
Fig. 12(c) / / / 0.1 uF / /
Fig. 12(d) / / / / / /
Fig. 12(e) 2.5k 9.5k 2Q 0.2 uF 0.1 uF 0.1 uF
21V
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Fig. 14.  Turning-on transient of different gate drivers in a bridge circuit.

voltage spikes by providing a negative gate voltage and a
low impedance loop, respectively. However, they both play no
sense on suppressing the negative gate-source voltage spikes.
Fig. 12(a) shows a voltage divided circuit to generate the neg-
ative gate-source voltage passively and Fig. 12(b) can elimi-
nate the positive gate-source voltage spikes of switching de-
vices effectively. The approaches proposed in [19], as shown in
Fig. 12(c) and (d), can eliminate both positive and nega-
tive spikes, and the approach in Fig. 12(d) is more effective
for crosstalk suppression, but the auxiliary actively controlled
transistors and the implementation of relatively complicated
logic signal synthesis will unavoidably increase the circuit
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Fig. 15.  Turning-off transient of different gate drivers in a bridge circuit.

complexity and cost. And the method in [20], as shown in Fig.
12(e), can suppress the negative gate-source voltage spikes. But
comparing the proposed circuit in Fig. 3, Fig. 12(e) will as-
sume one additional capacitor to maintain the voltage across
Ry and decrease the turning-off switching speed because R is
connected in series with gate resistor R, when turning OFF SiC
MOSFET.

Table I presents the comparison of different gate drivers’
spike-suppressing capability and circuit complexity. The
proposed gate driver in this paper has superior characteristics
comparing to other gate drivers in terms of the voltage spikes
suppression capability and the realization complexity.

III. SIMULATION VERIFICATIONS

A bidirectional buck converter using the C2M0040120D SiC
MOSFETSs was assumed for simulation and experimental verifica-
tion. Table II lists the main parameters of C2M0040120D when
its operational temperature is 25 °C. Cree, Inc., offers the Spice
model of C2M0040120D when using the LTspice. Therefore,
LTspice is assumed to simulate the different gate drivers and the
proposed one in this paper.
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TABLE IV
MAXIMUM POSITIVE GATE-SOURCE VOLTAGE SPIKE AND TURNING-ON
SWITCHING PERFORMANCES OF DIFFERENT GATE DRIVERS
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Negative gate voltage spikes of different gate drivers in a bridge

TABLE V
MINIMUM NEGATIVE GATE-SOURCE VOLTAGE SPIKE AND TURING-OFF
SWITCHING PERFORMANCES OF DIFFERENT GATE DRIVERS

Gate Maximum positive gate Switching Switching dv/dt
driver -source voltage spike time losses

Fig. 12(a) 1.69 V 46 ns 6.9 W 49 V/ns
Fig. 12(b) 285V 95 ns 1425 W 45 V/ns
Fig. 12(c) 032V 103 ns 1545 W 40 V/ns
Fig. 12(d) -0.15V 53 ns 795W 49 Vins
Fig. 12(e) 1.05V 31 ns 4.65W 50 V/ns
Proposed 0.74V 27 ns 4.05W 50 V/ns

Gate Minimum negative gate Switching Switching dv/dt

driver -source voltage spike time losses dv/dt

Fig. 12(a) -10.8V 53 ns 795W 69 V/ns
Fig. 12(b) -104V 62 ns 9.3 W 69 V/ns
Fig. 12(c) -9.13V 71 ns 10.65 W 72 Vins
Fig. 12(d) -791V 72 ns 10.8 W 72 Vins
Fig. 12(e) =172V 90 ns 13.5W 67 V/ns
Proposed -731V 46 ns 6.9W 143 V/ns

Compared to Si MOSFETs, SiC MOSFETs have a lower drift
region resistance, but a higher channel resistance. At the low
gate-source voltages (Vs < 13 V), the channel resistance dom-
inates the total on resistance, which has a negative temperature
coefficient. In other words, the higher temperature is, the larger
on-resistance is if the gate-source voltage is lower than 13 V.
Therefore, it is always recommended to turn on SiC MOSFETS
with Vg higher than 18 V according to the datasheet. In or-
der to be consistent with the experimental conditions, the input
source voltage V; of gate driver is set to 24 V and the positive

gate-source voltage and negative gate-source voltage is set to
+19 and -5 V, respectively. The dc voltage of main circuit
varies from 200-600 V and the loads set to 100 €. A para-
sitic inductance 5 nH and the external gate resistance 5 () are
included in all gate drivers in simulations.

Fig. 13 shows the gate-source voltage spikes of the most basic
gate driver without any auxiliary circuit added under different dc
voltages. It is observed that when the dc voltage is above 400 V,
the negative voltage spike exceeds the minimum allowable
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Fig. 19.

Prototype of bidirectional buck converter using SiC MOSFETS.

TABLE VI
EXPERIMENT PARAMETERS

Parameters Values
Carrier frequency 100 kHz
Inductor 550 uH
Capacitor 550 uF
Load 300
Duty cycle 50%
Dead time 0.3 us

negative biased gate voltage of SiC MOSFET, which will make
the SiC MOSFET fail. However, the drain-source breakdown volt-
age of C2M0040120D is 1200 V. Therefore, the most basic gate
driver is unable to exert the full advantages of SiC devices.

In order to show the advantages of the proposed gate driver,
the switching speed and the gate voltage spikes are compared
among different gate drivers mentioned earlier in Fig. 12(a)—(e)
and the proposed gate driver. The input dc voltage is set to 600 V.
According to the set positive gate-source voltage and negative
gate-source voltage, the values of R; and Ry are selected as
2.5 and 9.5 k€2 in Fig. 12(a) and (d) and the proposed one in
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Fig.21. Captured waveforms of turning-on process of the upper switch in (a)
the most basic gate driver and (b) the proposed gate driver.

this paper, respectively. The values of capacitors C; and Cy are
selected as 0.2 and 0.1 uF according to (7) and (8). And the
value of Rj is selected as 2 €2 according to (9) and (15). All
passive components in the compared gate drivers are listed in
Table III.

The turning-on transient and the turning-off transient of these
different gate drivers are shown in Figs. 14 and 15, where the
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TABLE VII
COMPARISON OF BOTH GATE DRIVERS

Switching time Most basic gate driver ~ Proposed gate driver

Turn-on delay time (Z4(on)) 27.8 ns 35.6 ns
Turn-on time (%4, ) 573 ns 55.6 ns
Positive spike (V) -1.95V -2.00V
Turn-off delay time (tq(os¢) ) 30.8 ns 29.4 ns
Turn-off time (o) 101.8 ns 93.8 ns
Negative spike (V,, ) -8.20V -6.70 V

|
| Toff=101.8ns
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o — o L
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Fig. 22.  Captured waveforms of turning-off process of the upper switch in (a)
the most basic gate driver and (b) the proposed gate driver.

50ns/div

gate driver circuit in Fig. 12(b) shows the slowest turning-on
transient process because capacitor C5 is always connected in
the circuit, which will also increase the switching losses and
decrease the operational efficiency. And the turning-on switch-
ing time in Fig. 12(e) is almost the same as the proposed one
because the gate-source capacitor Cy is mainly charged by Cs.
While during the turning-off transient, the gate-source capacitor
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Fig. 23.  Part of switching waveforms for illustrating (a) positive spikes and

(b) negative spikes of both gate drivers.

Cys is charged by the capacitor C'; the same as the proposed gate
driver, but R3 becomes part of the turning-off driving resistance
in Fig. 12(e). Therefore, the turning-off speed of Fig. 12(e) will
decrease, as shown in Fig. 15, and leads to the high switching
losses compared to the proposed gate driver. It is noted that
the negative gate-source voltage produced by the passive level
shifter is slightly larger than —5 V in Fig. 14, mainly because
capacitance ' has a little voltage drop during its discharging
process.

Fig. 16 shows the positive gate-source voltage spikes of lower
switch when the upper switch is turning on. Table IV lists the
maximum values of the positive gate-source voltage spikes and
the turning-on switching performances appeared in these dif-
ferent gate drivers, where the switching time and dv/dt are di-
rectly measured from the switching waveforms and the listed
switching losses are derived by averaging the product of voltage
and current during the switching transient. The gate driver in
Fig. 12(e) and the proposed gate driver show the minimum
switching time and switching losses. The positive gate voltage
spikes of all these gate drivers are below the gate threshold
voltage of 2.8 V, which means the negative gate voltage can pre-
vent the unwanted shoot through in the phase-leg configuration
effectively.

Fig. 17 shows the waveforms of negative gate-source voltage
spikes when the complementary switch is turning OFF. Table V
lists the minimum values of negative gate voltage spikes and
the turning-off switching performances. It is noted that the pro-
posed gate driver can suppress the negative gate voltage spikes
effectively, whose suppression performance is slightly superior
to the circuits in Fig. 12(d) and (e). Also, the proposed gate
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driver shows shorter switching time, lower switching losses and
larger dv/dt.

IV. EXPERIMENTAL VERIFICATIONS

The performance of the proposed gate driver circuit was ver-
ified by an experimental prototype. Fig. 18 shows the schematic
of experimental circuit and Fig. 19 is the prototype of bidi-
rectional buck converter using SiC MOSFETs. The main circuit
parameters are listed in Table VI. Fig. 20 shows the captured
pictures for both sides of the proposed gate driver. In order to
comparatively evaluate the performance of the proposed gate
driver, the most basic gate driver without any auxiliary circuit
added was also constructed in experiment. But to prevent the
converter shoot through in experiment, a negative gate-source
voltage —5 V was added in the most basic gate driver. Therefore,
the most basic gate driver and the proposed gate driver both
have the positive gate voltage of +19 V and the negative gate
voltage of =5 V in experiment.

The gate-source voltage is generated by MORNSUN’s
B0524XT-1WR2 and BO505XT-1WR2. The optocoupler is
ACPL-W346 from Avago Technologies and the additional
p-n-p transistor is ZXTP25140BFHTA manufactured by Zetex
Semiconductors. First, the external gate resistors of both gate
drivers are 15 €2, and in order to accelerate the switching-off
process, a diode is antiparallel connected to the external gate
resistor. When the dc input voltage of buck converter is 300 V,
the switching waveforms of two gate driver circuits are shown
in Figs. 21 and 22, where it is noted that the proposed gate driver
works properly. It is also observed that the proposed gate driver
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Fig. 25. Captured waveforms of (a) turning-on and (b) turning-off process of
the upper switch in the proposed gate driver under 800-V dc voltages.

can attenuate the negative gate-source voltage spikes without
slowing down the switching speed as shown in Fig. 22(b). The
main performance evaluation parameters of both gate drivers
are listed in Table VII. It is observed that the proposed gate
driver will not slow down the switching speed but could ef-
fectively attenuate the negative gate source voltage spikes. In
order to show the advantages of the proposed gate driver, part
of switching waveforms have been redrawn in Fig. 23 to clearly
demonstrate the positive and negative spikes of both gate drivers,
respectively. The switching oscillations are mainly caused by the
parasitic inductance of gate drivers.

This paper also compares the positive and negative spikes of
the proposed gate driver and the most basic gate driver under
different dc voltages, as shown in Fig. 24, where the voltage
spikes will increase along with the increase of dc input volt-
age. But the proposed gate driver can still satisfy the stringent
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Fig. 27. Captured waveforms of switching-off process of the upper switch
with a gate resistor of 22 €2 in (a) the most basic gate driver and (b) the proposed
gate driver.

requirement of SiC MOSFET under high-dc input voltage. For
illustration, Fig. 25 shows the captured waveforms of turning
ON and OFF of the upper switch under dc voltage 800 V by using
the proposed gate driver, where both positive and negative gate
source voltage spikes are still within the allowed range.

In order to further verify the performance of the proposed gate
driver under different inductive loads, a set of experiments were
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Fig. 28. Captured waveforms of switching-off process of the upper switch
with a gate resistor of 75 €2 in (a) the most basic gate driver and (b) the proposed
gate driver.

also conducted. The dc voltage was set to be 300 V and the load
was varied. A diode is still antiparallel connected to the gate
resistor to accelerate the switching-off process. Fig. 26 shows
the measured peak value of negative gate voltage spikes under
different inductive load currents for both gate drivers. It is noted
that the proposed gate driver can still suppress the negative gate
voltage spikes effectively even under the large load current.
This paper also verifies the performance of the proposed gate
driver under the different gate resistance. The gate resistors
of 22, 30, 51, and 75 2 were assumed for both gate drivers,
respectively. In order to find out the relationship between the
gate resistor and the negative voltage spike, the antiparallel diode
of gate resistor is removed in this set of experiment. Figs. 27
and 28 show the switching-off waveforms of two gate drivers
under dc input voltage of 300 V with gate resistance of 22 and
75 Q, respectively. The measured peak value of negative voltage
spikes under different gate resistance are drawn in Fig. 29. It
is noted that the negative voltage spikes of the most basic gate
driver become small as the gate resistance increases, which is
in agreement with the theoretical analysis in Section II. But the
proposed gate driver can suppress the negative voltage spikes
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more effectively when the gate resistance is small because the
small gate resistance will increase the driving current and then
prolong the ON duration of passively controlled p-n-p transistor.

V. CONCLUSION

This paper proposes a novel gate driver of SiC MOSFET with
a passive triggered auxiliary transistor. The auxiliary transistor
will connect to a series capacitor into the gate circuit to sup-
press the negative gate voltage spikes upon the complementary
switch turns OFF. Since the auxiliary transistor is controlled pas-
sively, the circuit configuration is simple. By employing a RC
level shifter, the proposed gate driver can reduce the magnitude
of positive gate voltage spikes and then fully satisfy the strin-
gent driving requirements of SiC MOSFETs with high switching
speed. The simulation and experimental results also validated
the performance of the proposed gate driver.
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