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Abstract: Compared with a silicon MOSFET device, the SiC MOSFET has many benefits, such as
higher breakdown voltage, faster action speed and better thermal conductivity. These advantages
enable the SiC MOSFET to operate at higher switching frequencies, while, as the switching frequency
increases, the turn-on loss accounts for most of the loss. This characteristic severely limits the
applications of the SiC MOSFET at higher switching frequencies. Accordingly, an SRD-type drive
circuit for a SiC MOSFET is proposed in this paper. The proposed SRD-type drive circuit can suppress
the turn-on oscillation of a non-Kelvin packaged SiC MOSFET to ensure that the SiC MOSFET can
work at a faster turn-on speed with a lower turn-on loss. In this paper, the basic principle of the
proposed SRD-type drive circuit is analyzed, and a double pulse platform is established. For the
purpose of proof-testing the performance of the presented SRD-type drive circuit, comparisons and
experimental verifications between the traditional gate driver and the proposed SRD-type drive
circuit were conducted. Our experimental results finally demonstrate the feasibility and effectiveness
of the proposed SRD-type drive circuit.

Keywords: SiC MOSFET; switching speed; turn-on loss; SRD-type drive circuit; turn-on oscillation

1. Introduction

The silicon carbide (SiC) metal-oxide-semiconductor field-effect transistor (MOS-
FET) has many outstanding features, for example, fast carrier saturation drift velocity,
high breakdown voltage, large bandgap, good thermal conductivity, etc. [1-6], which can
improve the operational performance of power converters. Due to the good switching char-
acteristics and low switching losses of the SiC MOSFET, the switching frequency of power
electronic converters based on a SiC MOSFET has reached MHz, and their power density
and efficiency have been greatly improved [7-10]. When the SiC MOSFET works under
high-frequency conditions, the switching loss is the main loss in a SiC MOSFET [11-16]. In
addition, the turn-on loss accounts for the majority of switching loss [17-19]. In order to
increase the operating frequency of a SiC MOSFET, the turn-on loss of the SiC MOSFET
must be reduced [20-22]. So far, two main methods which can suppress the turn-on loss of
SiC MOSFET are well known. The first method is to use zero-voltage turn-on to achieve
zero turn-on loss, but this method is only suitable for partial circuit topology [23]. The
second method is to reduce the external gate resistance, to increase the turn-on speed of a
SiC MOSFET. This method is simple to implement and has a significant effect of reducing
turn-on loss. However, this method does cause serious oscillation of the gate-source volt-
age. When the gate-source voltage oscillates severely, it will cause the switch to turn off by
mistake and the gate-source voltage will break down [24].

This paper proposes a resistor and diode in series- (SRD-) type drive circuit which
can suppress the turn-on oscillation of a non-Kelvin packaged SiC MOSFET, based on
the turn-on oscillation mechanism of the non-Kelvin packaged SiC MOSFET during the
turn-on process. In this paper, the schematic of the proposed SRD-type drive circuit is
shown, and the working principle of it is analyzed in detail. Furthermore, for testing the
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feasibility and effectiveness of the new drive circuit under different working conditions, a
double-pulse test platform was built. The experimental results show that the SRD-type
drive circuit can effectively suppress the turn-on oscillation of the non-Kelvin SiC MOSFET.

2. Analysis of Turn-on Loss

As shown in Figure 1, a double pulse schematic circuit with parasitic parameters as
studied is exhibited [19,25]. According to its features, the circuit can also be applied to
research the switching process of other topologies, such as the Buck circuit, Boost circuit,
and so on. The definitions of the physical quantities in the circuit are as follows. Vpc is the
input source, Io is the output or load current. Q; is the SiC MOSFET to be studied. v, is
the driving source. The parasitic parameters of Q; include Cgs, Cps, Cgp and Rg1. Cgs,
Cps and Cgp are the parasitic equivalent capacitors of the gate-source, drain-source, and
gate-drain junction, respectively. R¢; is the internal driving resistor. Lcg is the common-
source inductor. Lg is the parasitic equivalent inductor of the gate. Lp, Lgys and Lc
are the parasitic equivalent inductor of the different branches where they are located,
including the circuit and PCB layout lines. Rg; is the external driving resistor. D is the
freewheeling diode, and a SiC junction barrier Schottky (JBS) diode is adopted here. The
parasitic parameters of D include Rg and Cp, i.e., the on-resistor and the junction capacitor,
respectively.
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Figure 1. The double-pulse circuit when the parasitic parameters are studied.

Figure 2 shows the working process in one switching period of Q; and D. In Figure 2,
vp is the driving signal, and vgs and vps are the voltages of the gate-source and drain-
source junction, respectively. ip is the current of the drain source, vp is the voltage of
D. We can see in Figure 2 that there are 10 stages in one switching period. The stages
belonging to the turn-on transient moment are stage 1 (on delay time), stage 2 (drain
current rising time), stage 3 (drain-source voltage fall time), and stage 4 (on oscillation
time). The stages belonging to the turn-off transient moment are stage 6 (off delay time),
stage 7 (drain-voltage rising time), stage 8 (drain-current dropping time), and stage 9 (off
oscillation time). Stages 5 and 10 are the steady states behind the turn-on and turn-off
transient moments, respectively. It should be noted that because this paper mainly analyzes
the turn-on process of the SiC MOSFET, the paper only analyzes stage 1 to stage 4 in detail.
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Figure 2. Working process of one switching period of Q; and D.

2.1. Turn-on Process of Kelvin Packaged SiC MOSFET

Stage 1. Turn-on delay time. When the driving signal v, changes from -Vgs to Vpgy,
the gate-source junction capacitance Cgg is charged, and the gate-source voltage vgs rises.
When the vgg reaches the threshold voltage, i.e., Vy,, this stage ends. The state of Q; is off
at this stage, and there is no turn-on loss at this stage.

Stage 2. Drain-current rising time. The channel of Q; opens when vgg reaches the Vy,.
Meanwhile, the output current I gradually transfers from the freewheeling diode to Q;.
The rapidly changing drain current ip causes a voltage drop in the parasitic inductor of the
power loop, and the drain-source voltage vpg drops. When i, is close to the output current
Ip, the freewheeling diode D is turned off, then this stage ends simultaneously. In this stage,
the rate of change of drain current could be obtained from the transconductance calculation
with the vgs, as shown in Equation (1). The drain current Io change rate depends on the
gate-source voltage change rate. When the common source inductor Lcg is not considered,
the change rate of vgg at this stage could be calculated through Equation (2). According to
Equation (1) and Equation (2), it can be known that the drain current change rate at this
stage is affected by Vpri, g Rc1, Rgz, and Cgs [2,21]. However, g5, Rz and Cgg are the
internal parameters of a SiC MOSFET which cannot be changed or adjusted. Therefore, the
drain current change rate at this stage could be increased through the ways of increasing
the amplitude of Vpgy or reducing the driving resistor Rg,. Thereby, reducing the drain
current rise time can reduce the turn-on losses at this stage.

dip . dsz(t)
TR (R (1)
dogs(t) _ Vpri — vgs(t) @
dt (Rg1 + Rg2)Cas

Stage 3. Drain-source voltage fall time. After the moment when the freewheeling
diode D is turned off, the diode reverse voltage vr rises, and the drain-source voltage vpg
decreases. The gate current ig of the drive loop at this stage is mainly used to sweep the
gate-drain charge, and the gate-source voltage v is basically unchanged. The value of
the drain current ipp corresponds to the sum of I and the reverse charging current of the
freewheeling diode. When the drain-source voltage vpg drops to ip X Rpg_on, this stage
ends. Here, Rps on represents the on-resistor of Q1. Under certain conditions, the fall
time of vpg is determined by the changing rate of vpg. The faster the drain-source voltage
change rate, the shorter this stage, and the smaller the turn-on loss. Moreover, at stage 3,
the change rate of vpg can be expressed by Equation (3) [2,25] when the common source
inductor Lcg is not considered. According to Equation (3), the drain-source voltage change
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rate at this stage is affected by Vpry, Rg1, Rgz and Cgp. However, g¢, Rgp and Cgp are
internal parameters of the Q; and cannot be changed or adjusted. Therefore, at stage 3, the
change rate of vpg can only be increased by increasing the driving voltage Vpg; or reducing
the external gate resistor Rgp, thereby reducing the drain current rise time and turn-on loss.

dups ~ Vbrr — vGs(t)
dt (Rg1 + Ra2)Cap

®)

Stage 4. Turn-on oscillation stage. When the diode voltage v rises to the input voltage
Vpc, the drain current ip oscillates under the interaction of the power loop parasitic
inductor Lp and the freewheeling diode junction capacitance Cr. This oscillating stage
consumes the energy stored during stage 2 and stage 3.

2.2. Turn-on Process of Non-Kelvin Packaged SiC MOSFET

The drain current rising stage and the drain-source voltage falling stage are the
overlapping regions of the turn-on voltage and current, and the turn-on loss is generated in
these two stages. Therefore, the turn-on loss can be reduced by increasing the drain current
change rate and the drain-source voltage change rate. According to the above analysis, the
turn-on speed can be increased by increasing the Vpg and reducing the resistor Ry in stage
2 and stage 3. However, for preventing the breakdown of the gate-source forward voltage
of the SiC MOSFET, the amplitude of Vpgy cannot be larger than the safe voltage (25 V) of
the gate-source forward of the SiC MOSFET. Considering the gate voltage oscillation in
the turn-on phase, the driving voltage Vpg; of the gate-source electrode generally cannot
exceed 18 V. Therefore, the most effective way to reduce the turn-on loss is to reduce the
external gate resistor Rgp.

Since the gate of the non-Kelvin structure SiC MOSFET has a common source inductor
Lcs, when Qg is turned on, the rapidly changing drain current will generate a common
source voltage on the common source inductor. The common source voltage can be
expressed by Equation (4):

(4)

Due to the existence of the common source inductor, when the rate of change of the
drain current increases, a common source voltage with a larger amplitude will be generated
on the common source inductor. Figure 3 shows the equivalent circuit diagram of this
stage, considering the common source inductor Lcs. According to Figure 3, the equivalent
driving voltage at this stage can be expressed by Equation (5). Since the polarity of the
common source voltage and the driving voltage Vpgy are opposite, the driving ability of
the gate voltage decreases.

ves(t) = Les ¥

VDRI(equ) < VDRI — Les X — 7 ©)

—CqpVps/dt

ip

—ChgVps/dt

Figure 3. Equivalent circuit of stage 2.
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Stage 2. Drain-current rising time. Because the SiC MOSFET has an ultra-fast turn-on
speed, the voltage of the drive circuit can easily satisfy Equation (6). When the driving
circuit voltage satisfies Equation (6), namely, the sum of vcg and vgg is higher than the
driving voltage Vpgy. The gate voltage reversely charges and the gate drive voltage de-
creases. The drain current at this stage can be expressed by Equation (7) when considering
the common source voltage [2,22,25]. With the increase in the drain current turn-on speed,
the drain current of Q; will seriously oscillate in stage 2, and the switch will even turn off
by mistake.

dip(t
Vprr < vGs(t) + Les x Zt( ) (6)
dip(t
Vbrr < vGs(t) + Les X z];t( ) @)
e 8 Vpri — vGs(t) — ves(t)
in(t) = g0x ([, TR ) ®)

Stage 3. Drain-source voltage fall time. When considering the common source inductor,
the operating state of stage 3 can be equivalent to the topology exhibited in Figure 4. The
channel of the SiC MOSFET will be fully turned on at this stage, and the drain current will
resonate under the influence of the diode junction capacitance Cp and the parasitic inductor
Lp. The drain current resonance frequency is shown in Equation (8). The high-frequency
resonant drain current causes the common source voltage to oscillate seriously, and the
severely oscillated common source voltage may easily cause reverse charging of the drive
circuit. The drain-source voltage at this stage can be expressed by Equation (9). According
to the expression of the drain-source voltage at this stage, it can be known that the reverse
charging of the driving circuit will suppress the drop of the drain-source voltage, and even
cause Qq to be turned off in error.

1
TV e v
dups _ Vort — ves(t) — vGs(t) (10)

dt = (Rc1+Ra2)Cap

LP A Zd

RDSJm Cr —/— D S & GD

= C

Figure 4. Equivalent circuit of stage 3.

3. SRD-Type Drive Circuit

Based on the above analysis, the most effective way to reduce turn-on losses is to
increase turn-on speed [21,22]. However, for a non-Kelvin packaged SiC MOSFET, as the
turn-on speed increases, the common source voltage superimposed in the SiC MOSFET
drive circuit is likely to cause the drive circuit to reverse-charge. The reverse-charging
process of the driving circuit will cause the drain-source voltage oscillation of the SiC
MOSEFET [24]. The schematic waveforms of the vgs, ip and vpg of a non-Kelvin packaged
SiC MOSFET with high turn-on speed are shown in Figure 5. When the voltage relationship
of the driving circuit satisfies Equation (6), the driving circuit reversely charges, as shown
in the pink area in Figure 5. The reverse charging of the drive circuit will not only reduce



Energies 2021, 14, 2449 6of 11

the turn-on speed of the SiC MOSFET, but also cause the gate-source voltage to oscillate
and even cause the SiC MOSFET to turn off in error.

A

vas(d)| pre

Vmi T
Ile V U u
Vi

\/
Vora ) W g(

i) | \

&Uﬁ ves(Otves(f)

Ve
vps(?) stj\u \/\P

Figure 5. Turn-on waveforms based on a traditional driving circuit.

Therefore, this paper proposes an SRD-type drive circuit that suppresses the turn-on
oscillation of a non-Kelvin packaged SiC MOSFET by blocking the reverse charging process
of the common-source voltage on the gate of the switch, thereby reducing the turn-on loss.

3.1. Operating Principle of SRD-Type Drive Circuit

The structure of the SRD-type drive circuit is shown in Figure 6. Compared with the
traditional driving circuit, the SRD-type drive circuit blocks the reverse charging loop by
adding a low-voltage diode to the turn-on loop of the driving circuit, and the drive circuit
structure is simple.
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Figure 6. Schematic diagram of an SRD-type drive circuit.

The working principle of the SRD-type drive circuit is as follows:



Energies 2021, 14, 2449

7of 11

Stage 1. Turn-on delay time. Since the SiC MOSFET is in the off state at this stage, the
SRD-type drive circuit works in the same way as the traditional driving circuit.

Stage 2. Drain-current rising time. The channel of Q; starts to open when the value
of vgs exceeds the threshold voltage, i.e., Vi,. At the same time, the drain current rises
rapidly. The rapidly rising drain current generates a common source voltage with a
polarity opposite to the driving voltage Vpg; on the common source inductor. According
to Equation (5), the common source voltage at this stage will cause the equivalent driving
voltage of the driven circuit to drop, and the common source voltage hinders the rate of
change of the drain current. When the voltage relationship of the driving circuit satisfies
Equation (6), the diode of the SRD-type drive circuit blocks the reverse-charging circuit of
the driving circuit. When the polarity of the common source voltage changes as the drain
current oscillates, the equivalent drive voltage of the drive circuit rises, and the common
source voltage accelerates the rate of rise of the drain current.

Stage 3. Drain-source voltage fall time. At this stage, it can be known that the channel
of the switch Q; has been fully turned on and the channel opens completely, and the reverse
current i of D charges the diode parasitic capacitor Cg. Because the gate-source voltage vcg
has a large amplitude at this stage, the voltage relationship of the driving loop can easily
satisfy the formula (6). When the voltage of the driving circuit satisfies the formula (6), the
diode in the SRD-type drive circuit blocks the reverse charging circuit of the driving circuit
to avoid the reduction in the vgg, thereby suppressing the drain-source voltage oscillation.

Stage 4. Turn-on oscillation stage. The gate-source voltage has risen to the driv-
ing voltage at this stage, and the amplitude oscillation of the common source voltage
is small. Therefore, reverse charging does not easily occur in the drive circuit, and the
working principle of the SRD-type drive circuit and the traditional drive circuit at this
stage is consistent.

3.2. Simulation Verification

To test the feasibility and effectiveness of the presented SRD-type drive circuit, for
this paper we built a double-pulse test circuit based on LTspice software, to compare the
turn-on waveforms of the traditional drive circuit and the SRD-type drive circuit. The
device under test is a 1200 V SiC MOSFET which is produced by CREE, and the device
under test is C2M0080120D. The freewheeling diode uses a 1200 V SiC diode. Table 1 lists
the specific parameters of the double-pulse simulation experimental test platform.

Table 1. Specific parameters of the double-pulse simulation test platform.

Test Conditions

Input voltage Vpc 600 V
Output current Ip 15A
Gate resistance Ron /Rt 30

The turn-on process comparison waveforms under different drive circuits are shown
in Figure 7. Table 2 gives the simulation comparison results of the opening process. The
simulation comparison results show that the turn-on losses of the two driving circuits are
basically equal under the same driving parameters. When using a traditional drive circuit,
the gate-source voltage forward voltage spike is 36.5 V. In the actual circuit, a gate-source
forward voltage spike with such a large amplitude will cause the gate-source forward
breakdown of the SiC MOSFET. What is more, the negative oscillation of the gate-source
voltage will cause the gate voltage to be lower than the threshold voltage during the turn-on
process, when the traditional driving method is applied. Q; is turned off by mistake many
times. In addition, the turn-on oscillation phenomenon of Q; is very serious.
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Figure 7. The turn-on waveforms based on different drive circuits: (a) waveforms of gate-source voltage vgs, (b) waveforms
of drain-current ip, (c) waveforms of drain-source voltage vpg, and (d) waveforms of turn-on loss p.

Table 2. Experimental comparison results of the turn-on process.

Contents of Comparison Traditional Driving Circuit SRD-Type Drive Circuit
Turn-on loss 0.20 mJ 0.21 mJ
Gate-source voltage spike 365V 16.8V
Drain current spike 47 A 25A
Drain-source voltage spike 768 V 600V

When the SRD-type drive circuit is adopted in the test circuit, the gate-source voltage
of Q1 has no obvious oscillation, and the maximum voltage spike of the gate voltage of
Q; is 16.8 V, which is within the safe range of the gate-source voltage. Since gate-source
voltage oscillations of Q; are effectively suppressed, drain current and drain-source voltage
oscillations of Q are also effectively suppressed. When the SRD-type drive circuit is
adopted, the drain-source voltage spike of Q; is reduced by 186 V, and the drain current
spike is reduced by 22 A. The drive circuit based on the proposed SRD-type drive circuit
works stably at a high turn-on speed, and the turn-on loss of Q; is significantly reduced.

4. Experimental Verification

For testing the practicability and effectiveness of an SRD-type drive circuit on the
practical circuit occasions, a double-pulse experimental test platform with the same work-
ing conditions as the simulation platform is built. The experimental circuit uses the same
device under test as the simulation circuit.

Figure 8 shows the waveforms of the turn-on process of the SiC MOSFET Q; based
on the traditional driving circuit. The turn-on waveforms indicate that the SiC MOSFET
can work reliably with a 10 () gate resistor. When the gate resistor is reduced to 3 ), the
drain current and the drain-source voltage of Q; oscillate seriously during the turn-on
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process. As the external gate resistor is further reduced to 1.5 (), the device’s gate-source
voltage, drain current, and drain-source voltage oscillations become more severe, and the
gate-source voltage oscillation spikes cause damage to the driver chip.

Vps

‘Turn-on loss=0.254 mJ

» =
B vyt -
G 00 4 | :
100 ¥ J[40 Ons 2.506 @/ J
40.0ns 5M 1404
(a)
s s 2f v e b Turn-on loss=0.222 mJ
%
Vbs \ ﬁ/
VA
V]
/ L iD
L N AT g g Pt A
{1/ P
il t,\’ “\K‘\m\
/] \»‘\'\
A irsi! / ' ‘\\‘\u«/ \uﬂ\,"\f\,/‘-‘»‘xz'*v#r-—rw
: \ : <
[ a \\..m"’\ f‘\_«‘"“»,z‘"’\,,‘*“-.n—‘“\.'w*w.«“'w-‘—'-«r
) 2!
@& 100V 2.506 @ / }
[ 2.00K 40.0ns 5M 1.40 A
(2R 3 ]

False shutdown, the
‘driver chip is damaged

: / ) . I :
vos b
: ’ W T DT Y YOV
N O i 1111 s
T
N, |
1y
’ H lr\ prengd : :
1-%-4-4.»““.,..@“4{'\1'“” 1V VJ“"\Z‘M”‘”,’H ARAAAAASAAAL lAIA) ¢
< = w;/ SV IV AAAAMAAAAR A
[ac @ 200ms 2,508 @/
&P 100V SM 1.40A )

(©)

Figure 8. Turn-on waveform based on traditional drive circuit

Ron =1.5Q.

- (@) Ron = 10 Q, (b) Ron = 3 Q, and (c)

Figure 9 shows the turn-on waveform of the double-pulse circuit, based on the SRD-
type drive circuit. The turn-on waveform indicates that SiC MOSFET can work reliably
based on the SRD-type drive circuit with a 1.5 () external resistor. For the purpose of
reducing the turn-on loss furtherly, a 0 () gate resistor is used in the SRD-type drive
circuit during the turn-on process of the device. The experimental waveform is shown in
Figure 9b. The experimental results show that when the 0 () gate resistor is applied to the
SRD-type drive circuit, SiC MOSFET can be turned on normally. When the SRD-type drive
circuit uses a 0 () gate resistor, the turn-on loss of the SiC MOSFET is reduced to 0.179 m].
Compared with the use of a 10 () external resistor, the turn-on loss of the SiC MOSFET is

reduced by one-third.
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5. Conclusions

This paper first analyzes the effect of the common source inductor of the non-Kelvin
packaged SiC MOSFET on the turn-on oscillation of the SiC MOSFET. Based on theoretical
analysis, this paper proposes an SRD-type drive circuit that can suppress the effect of the
common source inductor on the SiC MOSFET turn-on oscillation. The SRD-type drive
circuit can ensure that the SiC MOSFET avoids the reverse charging process of the drive
circuit at a high turn-on speed, thereby suppressing the turn-on oscillation of non-Kelvin
packaged SiC MOSFET. Experimental comparison results show that the SRD-type drive
circuit can effectively suppress the turn-on oscillation of non-Kelvin packaged SiC MOSFET,
thereby reducing turn-on losses.
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