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Abstract- To understand the limitation of maximizing the
switching speed of SiC low current discrete devices and high
current power modules in hard switching applications, double
pulse tests are conducted and the testing results are analyzed. For
power modules, the switching speed is generally limited by the
parasitics rather than the gate drive capability. For discrete SiC
devices, the conventional voltage source gate drive (VSG) is not
sufficient to maximize the switching speed even if the external gate
resistance is minimized. The limitation of existing current source
gate drives (CSG) are analyzed, and a CSG dedicated for SiC
discrete devices is proposed, which can provide constant current
during the switching transient regardless of the high Miller voltage
and large internal gate resistance. Compared with the
conventional VSG, the proposed CSG achieves 67% faster turn-
on time and 50% turn-off time, and 68% reduction in switching
loss at full load condition.

1. INTRODUCTION

Silicon carbide (SiC) MOSFETs have shown superior
characteristics such as lower conduction loss, higher switching
speed, higher maximum junction temperature, and lower
specific capacitance compared to Si IGBTs [1]-[3]. However, it
is difficult to apply SiC MOSFETs to hard switching converters
with switching frequency of hundreds of kHz and achieve high
efficiency (e.g., >99%) [4]-[6], and researchers have found that
SiC MOSFETs show slower switching speed compared to Si
CooIlMOS [7]-[9]. To design converters with high efficiency
and power density, it is desired to understand whether the
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switching characteristics of SiC MOSFETs have been fully
utilized, or if there is still potential to improve the switching
speed and reduce the switching loss.

Several factors have been summarized that impact the
switching speed of SiC MOSFETs such as gate drives,
parasitics, loads, and thermal management systems [10], [11].
Among them, gate drives control the behavior of SiC
MOSFETs and can significantly affect their switching
performance. The requirements of gate drives for discrete
devices and power modules can be different. Fig. 1 plots the
comparison between some SiC discrete devices and power
modules from different manufacturers. One critical difference
between them is the current rating. Generally, power modules
built with multiple SiC dies in parallel have higher current as
well as higher parasitic capacitance and lower internal gate
resistance compared to discrete devices with a single die. With
the same gate drive technology, the switching performance of
discrete devices and power modules can be different due to the
above parameters difference. Therefore, to find the proper gate
drive technology for SiC MOSFETs and increase the switching
speed, discrete devices with low current rating and power
modules with high current rating should be separately
evaluated.

In terms of gate drive technology, it can be grouped into three
fundamental categories: voltage source gate drives (VSGs),
current source gate drives (CSGs), and resonant gate drives
(RGs) [12], [13]. The advantage of the RG is its ability to reduce
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Fig. 1. Voltage and current rating of SiC discrete devices and power
modules from several manufacturers.



the gate drive loss [14]-[16]. However, for SiC MOSFETs in
high voltage and high power applications, the gate drive loss is
small compared to other losses due to their superior intrinsic
gate charge characteristic, which makes RGs less attractive
because of their more complicated structure.

The VSG is the most common technology for semiconductor
power devices because of the simple structure and control. For
SiC MOSFETs, some manufacturers provide guidance about
the design of VSGs [17], [18], and researchers have proposed
more advanced controls and topologies to improve the
performance of VSGs, which mainly includes crosstalk and
overvoltage suppression [19]-[23], current and voltage
balancing [24]-[27], and dynamic gate impedance control [28]-
[32]. However, it is still not clear whether the switching speed
of the SiC discrete devices and power modules have been
maximized with the existing VSG technology.

If the VSG is not sufficient to maximize the switching speed
of SiC MOSFETs, then the CSG could be a candidate in spite
of its more complex hardware circuit and control strategy. With
the same gate charge, CSGs can provide constant current during
switching transients and hence reduce switching time. Not
much research has been conducted to develop CSGs for SiC
MOSFETs, and most of them are based on linear circuits, which
are difficult for applications requiring large gate current [33],
[34]. More CSGs have been proposed for Si MOSFETs and Si
IGBTs. In [35]-[39], CSGs with inductors are adopted for low
voltage Si MOSFETs in voltage regulator applications to
reduce the gate drive loss. In [40]-[44], CSGs based on voltage
controlled current source with BJTs are used to adaptively tune
the dv/dt and di/dt and improve the switching loss of Si IGBTs.
Nevertheless, these CSGs are not designed for SiC MOSFETs.
Compared to Si MOSFETs and Si IGBTs, there are some
unique characteristics of SiC MOSFETs like lower gate source
voltage rating, lower transconductance, and higher internal gate
resistance. Therefore, existing CSGs may not be suitable for
SiC MOSFETs.

Based on the above review and analysis, the main focus and
contributions of this paper are: 1) identifying whether existing
gate drive technologies are sufficient for maximizing the
switching speed of low current discrete devices and high current
power modules respectively with double pulse tests, 2)
analyzing the limiting factors of existing VSGs and CSGs and
summarizing the requirements for gate drives to maximize the
switching speed of SiC MOSFETs, and 3) proposing a CSG that
can enhance the gate current, overcome the intrinsic
deficiencies of SiC discrete device like high Miller voltage and
large internal gate resistance, and reduce the switching time and
loss.

This paper is organized as follows. Section II presents the
switching characterization for SiC discrete devices and power
modules. Based on the testing results, Section III analyzes the
requirements of the gate drive for discrete devices and power
modules, respectively. Section IV demonstrates the design and
benefits of the proposed CSG for discrete devices. Section V
gives the experimental results of the proposed CSG, and
Section VI provides a conclusion.

II. SWITCHING TESTING FOR DISCRETE DEVICES AND
POWER MODULES

A.  Typical Switching Transient Analysis

A typical phase-leg configuration and the switching transient
waveforms with two MOSFETs as well as its parasitics are
plotted in Fig. 2. Theoretically, there is no speed limitation for
a MOSFET as long as the gate drive can provide enough gate
current. However, in reality, the parasitics have significant
impact on the switching transient of the switch and limit the
switching speed.

First, MOSFETSs have internal gate resistance that is intrinsic
to the device. With the traditional VSG, the maximum gate
current is limited since the gate voltage cannot exceed the
maximum value, namely around 20 V for SiC MOSFETs. As
shown in Fig. 2, the gate current charging the lower side
MOSFET’s  input  capacitance  equals to (V-
Vos 1)/ (Rg(ins) 1T Rg(exsy 1), Where Vg, is the amplitude of the gate
drive output voltage, Resny 1 and Ry ; are internal and
external gate resistance. Larger internal gate resistance results
in lower gate current, which further decreases as the gate
voltage rises. Therefore, switches with larger internal gate
resistance are harder to improve the switching speed with the
same gate drive technology.

Furthermore, the di/dt and dv/dt of the MOSFET during a
switching transient increase when the switching speed
increases. As a result, the overvoltage across the switch
increases due to the influence of the output capacitance and the
loop inductance [45], [46]. With multiple dies in parallel, power
modules with higher current rating have higher di/dt than
discrete devices if the gate drives have enough driving
capability. On the other hand, if the applied DC bus voltage is
the same, the dv/dt of the power module and the discrete device
is similar because of the net effect between the reduced gate
resistance and the increased transfer capacitance. Therefore, it
is more difficult for the power module with higher power rating
to increase the switching speed because of the higher di/dt.
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Fig. 2. Phase-leg configuration and switching transient waveforms including
switches and circuit parasitics.



B.  Testing Setup

To identify the limitations that determine the switching speed
of SiC discrete devices and power modules respectively, one
discrete device and one power module utilizing the state-of-the-
art die and packaging technology are selected to be tested, and
the parameters are listed in Table I. As shown, the power
module has much higher current rating as well as lower on-
resistance and internal gate resistance. The classical VSG is
applied, and the switching speed is increased by reducing the
external gate resistance value.

Double pulse test (DPT) is a widely employed method to
evaluate the switching behavior of power semiconductor
devices. A DPT circuit is illustrated in Fig. 2, where Vp is the
applied DC bus voltage and L is the load inductor to generate
load current 7,. A detailed methodology of conducting DPT for
wide band-gap devices has been provided in [47] and is
followed in this paper.

Fig. 3 shows the DPT boards and the testing platform
developed for discrete device characterization. The drain
current of the device is measured by a current shunt. The bulky
DC-link capacitors are located on a dedicated board and
connected with the device under test (DUT) through short
wires. The tested loop inductance is 18 nH.

Fig. 4 shows the DPT boards and the testing platform
developed for power module characterization. The gate drive
boards are directly plugged into the terminals of the module. A
dedicated DC-link capacitor board is attached to the top of the
module. Because load current is high in this case, a current
shunt is not used, and three Rogowski coils are attached to the
bolts that connect the power pad with the DC-link capacitor
board to measure the drain current. The tested loop inductance
is 10 nH.

C. Testing Results and Analysis

Fig. 5 illustrates the tested switching waveforms of the
discrete device at 30 A with no external gate resistance. The
overvoltage of the upper MOSFET during turn-on is 106 V
above the DC bus voltage (500 V) while that of the lower
MOSFET during turn-off is 101 V. Since the voltage rating of
the device is 1.2 kV, it means that even with the lowest external
gate resistance, there is still large room to accelerate the
switching speed without exceeding the breakdown voltage
when operating at lower DC bus voltages.

On the other hand, it is shown in Fig. 6 that with 1.4 Q
external gate resistance, the overvoltage is much larger for the
power module, namely 438 V for the upper MOSFET and 362
V for the lower MOSFET when the load current is 800 A. In
such case, the drain-source voltage of the MOSFETs
approaches the voltage rating (900 V). Therefore, the switching
speed cannot be further increased.
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Fig. 5. Tested switching waveforms of discrete device when V=500 V,
1,=30 A and Ry ;=0 Q. (a) Turn-on transient. (b) Turn-off transient.
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Fig. 6. Tested switching waveforms of discrete device when Vp=500 V,
1,=30 A and Ry 1=1.4 Q. (a) Turn-on transient. (b) Turn-off transient.

Fig. 7 plots the relationship between the overvoltage during
the switching transient and the applied external gate resistance
of the discrete device and the power module at full load

Table I. Parameters of tested discrete device and power module.

Type Manufacturer Packaging Die Tech. Voltage Current Riston) Reginy C,ss @ 500 V
Discrete Wolfspeed TO-247 4-pin 3rd GEN 1.2kV 30 A 75 mQ 10.5Q 2800 pF
Module Wolfspeed High Performance 62 mm 3rd GEN 900 V 880 A 1.25 mQ 02Q 65 pF




Over-Voltage vs. Ryee

o
S
S)

30
Discrete Lower MOS

difdt vs. Ryexn 1

adv/dt vs. Rygeus 1

Discrete Tum-On
=@ Discrete Turn-Off
Module Turn-On
= === Module Turn-Off

Discrete Tum-On
—=e— Discrete Tum-Off 35
Module Turn-On
= =p= = Module Turn-Off

« i Discrete Upper MOS 25
~ «
400 I Module Lower MOS N
e~ ~ - -
s \\ =g== = Module Upper MOS 2 \\
© 300 b 2
% \ - =
= s < 15
- =
> 200 Sao B
§ \sh =0
-~
© 100 .\‘\‘: )
0 0
0 1 2 3 4 5 0 1

External Gate Resistance (Q)

Fig. 7. Comparison of tested overvoltage between
discrete device and power module.

condition. Clearly, the power module
shows higher overvoltage for both the upper and lower
MOSFETs. As the external gate resistance decreases, the
overvoltage of the power module increases more rapidly, which
is due to its lower internal gate resistance.

Fig. 8 and Fig. 9 illustrate di/dt and dv/dt versus the applied
external gate resistance of the discrete device and the power
module at full load condition. The power module exhibits a
much higher di/dt that contributes to the higher overvoltage.
The dv/dt of the discrete device and power module are similar,
which matches with the previous analysis.

III. ANALYSIS OF GATE DRIVE REQUIREMENTS FOR DISCRETE
DEVICES AND POWER MODULES

A. Discrete Devices

From the above testing results, there is still much room to
increase the switching speed of the discrete device. However,
since the external resistance cannot be further decreased and the
supply voltage of the gate drive is difficult to increase due to
the limited gate voltage rating of SiC MOSFETs, it is not likely
to improve the switching speed with a conventional VSG. To
develop a more effective gate drive method, it is desired to
understand the inherent bottleneck of the VSG during the
switching transient.

In Fig. 5, it is observed that the turn-on switching time is 34.6
ns while the turn-off switching time is 15.2 ns at full load
condition. Thus, the turn-on transient is worth analyzing in
detail. From Fig. 2, the overall turn-on switching time consists
of current rise time and voltage fall time. After vy, ; reaches Vy,
which is the threshold voltage of the MOSFET, the lower
MOSFET starts to turn on and the load current begins to
commutate from the body diode of the upper MOSFET to the
channel of the lower MOSFET. v, ; does not drop because the
body diode of the upper MOSFET still conducts and v, ; is
clamped at the bus voltage. During this process, the lower
MOSFET operates in the saturation region, and the drain
current can be expressed as

iy 1 =8 (Ve LO-V,) (1)

where g, is the transconductance of the MOSFET.

When the drain current reaches the load current /,, the drain-
source voltage of the lower MOSFET starts to drop and the
Miller plateau begins. The Miller voltage is given by
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Fig. 8. Comparison of tested di/dt between
discrete device and power module.
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m

During the Miller plateau, the gate current is mainly used to
charge the transfer capacitance. The gate voltage does not
change so the gate-source voltage keeps constant, which equals
to V. During the process, the drain-source voltage of the lower
MOSFET vy 1 is

v, -V

— VD(; _ dr mil t (4)
(Rg(im‘LL + Rg(atLL ) C
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The gate current during Miller plateau is expressed as

I
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The voltage fall time can be calculated as
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From the testing results demonstrated in Fig. 6(a), the voltage
fall time is dominant and accounts for 3/4 of the total turn-on
time. According to (6), the voltage fall time is impacted by the
gate current during the Miller plateau. In (5), it is observed that
the gate current is related to Vy, g, and Rggny 1.

Fig. 10 gives the tested transfer characteristics of a 900 V, 36
A SiC MOSFET using the state-of-the-art die technology as
well as the transfer characteristics of a Si CoolMOS listed in
Table II. Notably, the SiC MOSFET has much lower
transconductance. It contributes to higher Miller voltage at the
same load current, which is 9 V for the SiC MOSFET and 5 V
for the Si CoolMOS at 30 A in Fig. 10. In addition, as
mentioned above, the internal gate resistance of discrete SiC
devices is usually large. Based on (5), low g,, and high Ry 1



Table II. Parameters of Si and SiC power MOSFETs.

Device Type Manufacturer Packaging Voltage Current Rginy Cys Cea
IPW90R120C3 Si Infineon TO-247 900 V 36 A 0.9 Q 6.8 nF 7 pF
C3M0065090D SiC Wolfspeed TO-247 900 V 36 A 4.7Q 1.02 nF 20 pF
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Fig. 10. Tested transfer characteristics of SiC and Si MOSFETs when
V,/5:500 V.

contributes to low gate current during the Miller plateau. As a
consequence, the voltage across the transfer capacitance
decreases slowly with this gate current even without any
external gate resistance, and the voltage fall time dominates the
turn-on time.

Thus according to (5), it is difficult to increase the gate
current during the Miller plateau with conventional VSGs.
Therefore, CSG is a better candidate because of its ability to
enhance the gate current independently. With the same gate
charge, CSGs can provide constant current during the switching
transient and hence reduce the switching time, especially the
voltage fall time.

B.  Power Modules

From the testing results, the switching speed of the power
module with high current rating is limited by the drain-source
overvoltage resulting from the higher di/dt and the parasitics in
the switching loop. Without further improving the layout and
achieving lower parasitics, the existing VSG technology is
sufficient to maximize the switching speed of power modules
with large current rating.

IV. PROPOSED CURRENT SOURCE GATE DRIVE FOR
DISCRETE DEVICES

A. Limitation of Existing CSGs

In the aforementioned analysis, the CSG should be able to
provide constant current during the switching transient,
especially during the voltage fall time. Nevertheless, existing
CSG topologies cannot necessarily provide a constant current
for discrete SiC devices with large internal gate resistance.
When the gate current flows, large voltage drop occurs across
the internal gate resistance. According to (2), the gate-source
Miller voltage is only related to threshold voltage Vy,
transconductance g,, and load current /,. Thus, the gate-source
voltage during the Miller plateau does not change with a CSG
and is still relatively high. As a result, to keep the current
constant, the external gate voltage Ve is likely to be higher

10 ns/div

Fig. 11. Simulation waveforms of switching transient with existing CSG
and VSG.

than the gate drive supply voltage V,, and existing CSGs will
lose current control when Vg reaches V.

For example, a typical CSG topology in [35] is used in Saber
simulation for a SiC MOSFET with 10 Q internal gate
resistance, and the result is shown in Fig. 11. The constant
current ends when the external gate voltage approaches to V.
and before vy starts to drop. Then the CSG becomes a classical
VSG. With such a CSG, the reduction of switching time is
significantly limited, which is only 2.5 ns in Fig. 11. Therefore,
it is desired to develop a CSG that can keep constant gate
current during the whole switching process regardless of the
large internal gate resistance for discrete SiC devices.

B.  Topology and Operation Principle of Proposed CSG

Fig. 12 shows the proposed CSG for SiC discrete devices.
One P-channel MOSFET ), one N-channel MOSFET S,, two
bidirectional switches S, & S;, and one inductor L are included
in the gate drive. Note that S;-S, are low voltage switches and
have small footprints.

During one typical switching period, there are eight modes.
The key waveforms are illustrated in Fig. 13, which include the
gate signals of switches S;- Sy, the inductor current i;, the gate
current i,, the external and real gate-source voltage Vg and
Ve, the drain-source voltage vy, and drain current i, The
equivalent circuit in each mode during the turn-on transient is
plotted in Fig. 14, and the modes are briefly explained as
follows.

1) Mode 1 (#-t,): Pre-charging stage. Before ¢, only S, is on,
and the SiC MOSFET is in the off state. At #j, the P-channel
MOSFET S, is turned-on so the inductor is charged by V,, and
the inductor current 7; increases linearly. This mode aims to
build the current required for charging the gate, and the current
at ¢ is

Vd/‘
L (tl _to) @)

IL(t,):

Therefore, the initial gate current can be tuned by changing
t; and selecting the proper inductance for L.
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Fig. 14. Equivalent circuits in different operation modes of proposed CSG.
(a) Mode 1. (b) Mode 2. (¢c) Mode 3. (4) Mode 4.

2) Mode 2 (#;-1;): Gate charging stage. At ¢, the bi-directional
switch S, is turned off so the inductor current flows through the
gate resistance and charges the gate capacitance C,; of the SiC
MOSFET. L, Rgexy, Rginy and Cg form an LCR resonant
network. During the short time interval of this mode, the
inductor current i; does not change much so the gate can be
regarded as charged by a current source. The switching
transient of the SiC MOSFET completes within this mode, so
the switching time, especially the voltage fall time, is reduced
compared to a conventional VSG. Note that due to the internal
gate resistance, the external gate voltage vgqx) 1S always higher
than the real gate voltage v,,. In order to keep the current source
during this mode, the bi-directional switch S5 should be in off
state so that Ve, can be higher than V.. If a simple N-channel

MOSFET is adopted for S;, the body diode of S; conducts when
Ves(exsy approaches to V. and vgyer is clamped. In such case, the
gate drive automatically changes to be a VSG, and the gate
current decreases rapidly like Fig. 11. Therefore, a bi-
directional switch is necessary for keeping the current source.
The relationship between external and real gate voltage is

Ves = Vas(en) g (Rg(ﬁxt) + Rg(i"t)) (3

3) Mode 3 (t-t3): Free-wheeling stage. At 1, the bi-
directional switch Sj is turned-on, and Vg is pulled down to
be V. Then, the gate drive turns to be a conventional voltage
source, and i, reduces until the real gate voltage reaches V.
Note that the time to turn on Sj is critical. If £, is too early, the
transient has not finished and the switching loss increases as i,
drops. Otherwise, if ¢, is too late, the constant current keeps
charging and the gate voltage would be higher than the
maximum rating, which damages the device. Therefore, the
timing of turning on S; should be carefully selected, which is
one of the challenges to implement this CSG. In this mode, i
free-wheels through S; and S; and keeps constant. Since i; in
this mode contributes to nothing but loss, the time interval
should be controlled to be as short as possible.

4) Mode 4 (#;-t4): Discharging stage. At t;, the P-channel
MOSFET §; is turned off, and i; flows through S; and the body
diode of S;. The inductor is discharged by V. and i; decreases
linearly to zero, which means that the stored energy in L returns
to the power supply of the gate drive without being wasted.

From ¢, the turn-off transition starts, and the operation
principle is similar to the turn-on transition.

C. Parameter Design and Selection

The key components in the proposed CSG circuit are the
inductor L and the external gate resistor Ryy. In terms of the
control, the critical parameters are the inductor charging time ;.
(from f, to #; in Fig. 13) and the gate charging time #,. (from ¢,
to t, in Fig. 13).

The gate charging time t,. consists of two periods. From the
start of the gate charging at ¢, in Fig. 13 to the end of the SiC
MOSFET drain current rise, the equivalent circuit for this
period is a typical RLC series tank formed by Rgexy), Regimy, L
and C,,. The gate current during this period can be derived as

i, (1) =1 e cos(w,t)

1 R, __+R. . ) )
NI | /g ) i (L0l S PN PR
a)dL[ dr 2 g0 ( d )

Rg(exl) + Rg(int)

2L

initial

1 R:(m) R (int) C,
), =, l—éz, a)o——i,andé——ii’ £ £,
JLC 2 I
g

When the drain current of the SIC MOSFET reaches the load
current, the drain-source voltage begins to decrease. The gate
voltage v, is clamped to Miller voltage V,,;. In this period, the
circuit becomes a RL first order system, and the gate current
response can be derived as

where [, is the gate current,a=

>



i (l) _ ([ _ Vdr - Vmil )e—Za(r—tﬁ.) Vd - Vmil (10)
g gl
Ry ey + Reiingy Ry ey + Rygine

where I, is the gate current when the voltage starts to fall.
When the drain-source voltage of the MOSFET drops to zero at
t,, the switching transient ends and the proposed CSG should
be changed to VSG.

For the tested SiC MOSFET, the calculated gate currents
during the switching transient with different inductance values
are illustrated in Fig. 15. Higher inductance leads to lower
current drop and is better from the perspective of maintaining
constant current.

However, higher inductance not only results in larger size,
but also makes it more difficult to build the required initial gate
current during ¢, and ¢,. Since the MOSFET cannot be turned
on before the current reaches the required value, there is a
maximum duty cycle limit for the proposed CSG. For the tested
MOSFET, a 1 pH inductor LPS4012-102NRB from Coilcraft is
selected in the CSG. The dual N-channel MOSFET chip
SI19945BDY from Vishay is used for switches S, and S;, while
the N and P-channel MOSFET chip SI4559ADY from Vishay
is used for switches S; and S;. The implementation of the
control signal is plotted in Fig. 16. The signal isolation is
realized with ADuM1200 from Analog Devices Inc., while the
isolated power supply is MEJ2D1215 from Murata.

D. Loss Analysis

Generally, the current-voltage overlap loss is the dominant
loss for SiC MOSFETSs during the hard switching transient.
During the turn-on process, it can be written as

fov ,
Enn = J‘O ld Vdsdt (1 l)

where ¢,, is the overlap time of drain current and drain-source
voltage. During the turn-on transient, it equals to the sum of
current rise time ¢, and voltage fall time ¢#,,as shown in Fig. 2.

Assuming the current and voltage during the switching
transient change linearly, (9) can be expressed as

1
E, = 51,,VDC (¢, +1,) (12)

where , is the load current and Vpc is the DC bus voltage. For
the conventional VSG, ¢ and #, can be calculated by (3) and
(6) respectively.

Assuming the gate current is constant, the current rise time
of the proposed CSG is

tcr i :CS = 13
0 = Fe o ; (13)

The voltage fall time can be expressed as

VDC
Cu (14)

g

Lycse) =

Based on the above analysis, the turn-on time of a typical 1.2
kV, 30 A SiC MOSFET with 10.5 Q internal gate resistance is
plotted in Fig. 17. With the same initial gate current, it is
observed that the voltage fall time with the proposed CSG

L=0.2 yH
| =——1=1pH
e =10 pH

Gate Current (A)

o
©
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Fig. 15. Calculated gate current with different inductances.
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Fig. 16. Control logic implementation for CSG.
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Fig. 17. Turn-on time comparison between VSG and CSG under different
load.

decreases significantly compared to the conventional VSG. The
total overlap time can be reduced by half, leading to significant
switching loss reduction.

For the conventional VSG, the gate drive loss of each
switching cycle is

Eg(VSG) = Verg (15)

where O, is the gate charge.
The gate drive loss of the proposed CSG is derived as

1
Eg(CSG) = EVerg + (Rg(wr’) + Rg(int))[gQg +E, (16)

where E. is the energy loss of the driving circuit, which mainly
includes the conduction and switching loss of the switches, and
the inductor loss. Based on the switch datasheet, the on-
resistance of each switch is around 0.1 Q, and the switching
time is around 10 ns. Assuming the gate current is 1.5 A and the
total I-V overlap time of the SiC MOSFET during one
switching cycle is 25 ns, the conduction loss and switching loss
of the switches is 0.01 pJ and 0.27 pJ, respectively. According
to the datasheet of the inductor, the loss during one switching
cycle is 0.003 pJ.

With the same SiC MOSFET as in Fig. 17, the relationship
between gate drive loss during one switching cycle and external
gate resistance Rg. is plotted in Fig. 18. Due to the large
internal gate resistance, the proposed CSG shows higher gate
drive loss than the conventional VSG. However, because of the
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Fig. 18. Gate drive loss comparison between VSG and CSG with different
external gate resistance.

superior intrinsic gate charge characteristic of SiC MOSFETs,
the gate drive loss is much lower than the switching loss. So the
higher gate drive loss of the proposed CSG does not impact the
overall loss reduction.

E. Benefits and Challenges of Proposed Gate Drive

Benefits: 1) The current source keeps the gate current at
relatively high level during the switching transient. It shortens
the long voltage fall/ rise time caused by the small
transconductance and high Miller voltage of the SiC MOSFET
with conventional VSG. As a result, the switching loss is
significantly reduced.

2) The utilization of bi-directional switches enables constant
current source during the whole switching transient and is
suitable for the discrete SiIC MOSFET with large internal gate
resistance.

3) The gate current can be tuned by changing the pre-
charging time. It provides the potential for more flexible and
intelligent control strategies like di/dt and dv/dt control to better
utilize and protect the SiC MOSFET.

4) The control of the switches turns the gate drive from
current source to voltage source after the switching transient of
the SiC MOSFET. The inductor and gate current keep at zero
in steady state to eliminate circulating current and extra loss.

5) The stored energy in the inductor can return to the source
of the gate drive after the switching transient, which avoids
increasing the gate drive loss.

Challenges: 1) The introduction of the bi-directional
switches disables the automatic change from CSG to VSG after
the switching transient. Thus, the proposed CSG requires
accurate time control to turn it to be VSG so that the gate is not
overcharged / discharged at different DC bus voltage and load
conditions.

2) With the increased dv/dt, the overvoltage and cross-talk of
the MOSFET during a switching transient increases. In
addition, higher dv/dt can lead to higher noise and deteriorate
the EMC performance. Therefore, the trade-off between
switching speed, device reliability and noise should be balanced
for real applications.

V. EXPERIMENTAL RESULTS AND DISCUSSION

The SiC MOSFET C3MO0075120K (1.2 kV, 30 A) from
Wolfspeed is selected to test the proposed CSG. A conventional
VSG is also tested with the same SiC MOSFET for comparison.
The internal gate resistance of the MOSFET is 10.5 Q. To make
a fair comparison, the power supply of both gate drives is +15/-

Fig. 19. Prototype of proposed CSG.

4 V. Zero external gate resistance is applied for the
conventional VSG, and the gate current of the proposed CSG is
set to be 1.4 A so that both gate drives have similar initial gate
current.

Fig. 19 demonstrates the picture of the proposed CSG. It can
be seen that the inductor is small and does not impact the size
of the gate drive. A DPT is implemented to evaluate the
switching performance of both gate drives, and a similar
platform is adopted as shown in Fig. 3(b).

The tested gate-source voltage of S; to S, and gate inductor
current 7, in the proposed CSG is plotted in Fig. 20. Compared
with Fig. 13, it can match well with the theoretical analysis. Fig.
21 and Fig. 22 illustrate the tested switching waveforms of the
instantaneous power, drain current and drain-source voltage
with both gate drives at 500 V bus voltage and 30 A load current
condition. Clearly, the switching time decreases with the
proposed CSG during turn-on transient, and voltage fall time
reduces significantly. From the shaded area of the instantaneous
power, the turn-on loss has great improvement. The penalty is
that because of the higher dv/dt, the overvoltage of the upper
MOSFET increases from 106 V to 375 V. The turn-off loss and
time also decreases with the proposed CSG but the overvoltage
of the lower MOSFET does not increase. This is mainly because
the displacement current during turn-off cannot exceed the load
current. Thus, the voltage rise time is limited by the load current
rather than the gate drive capability, which prevents the drain-
source voltage from increasing.

The gate voltage and current waveform at 500 V bus voltage
and 30 A load current condition with the proposed CSG is
shown in Fig. 23. Due to the large internal gate resistance, the
real gate voltage cannot be directly monitored. With the
measured external gate voltage Ve, and the gate current i,, the
real gate voltage can be back calculated by (8) and is drawn as
a blue dashed line. The inductor current i; is also plotted for
reference. Although the external gate voltage exceeds the
maximum gate voltage of the MOSFET (+19/-8 V), the real
gate voltage is beneath the limitation. However, the margin of
gate voltage is very small due to the parasitic ringing. How to
avoid the gate overvoltage, accurately control the gate drive to
turn to voltage source, and protect the MOSFET can be an issue
and requires more attention for the CSG.

Fig. 24 shows the tested switching performance with the
conventional VSG and the proposed CSG at different load
conditions. From Fig. 24(a), the voltage fall time at full load
with the proposed CSG is 6.8 ns while that with the
conventional VSG is 25.6 ns. The total turn-on switching time
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Fig. 24. Comparison of tested switching performance at different load conditions. (a) Turn-on time. (b) Turn-off time. (c) Switching loss.

decreases from 34.6 ns to 11.4 ns with the proposed CSG. In
addition, Fig. 24(a) can match with the trend in Fig. 17, which
verifies the theoretical analysis.

In Fig. 24(b), the turn-off switching time decreases from 15.2
ns to 7.6 ns at full load with the proposed CSG. Comparing the
turn-on and turn-off time, the improvement in turn-on time is
better due to two main reasons. First, a negative voltage (e.g.
-4 V) is supplied to the gate of the device during turn-off. Since
the Miller voltage is relatively high as previously discussed, the
gate current during the turn-off transient is higher than during
the turn-on with the conventional VSG, which makes the turn-
off process faster than the turn-on process. Second, the voltage
rise time during the turn-off transient is influenced by not only
the gate current charging the transfer capacitance, but also the
load current charging the output capacitance. At light load
condition, the voltage rise time is dominated by the load current
instead of the gate current, so both drive technologies show
similar voltage rise time in Fig. 24(b). As the load current

increases, the voltage rise time with the conventional VSG is
determined by the gate drive current. However, for the proposed
CSG with much higher gate current, the voltage rise time is still
dominated by the load current. On the contrary, the voltage fall
time during turn-on is independent of the load current with the
proposed CSG, which is verified in Fig. 24(a) and can help to
achieve larger turn-on time reduction. As a result, increasing
gate current has more significant improvement for turn-on time
than turn-off time.

Fig. 24(c) plots the switching loss at different load
conditions. The switching loss with the proposed CSG at full
load is 148 pJ, which is less than one third of the loss with the
conventional VSG. The trend can match with the switching
time curve in Fig. 24(a) and (b). Note that the switching loss
with the proposed CSG can be further reduced by increasing the
gate current as long as the overvoltage is acceptable.

Fig. 25 presents the overall performance comparison
between the conventional VSG and the proposed CSG. The
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smaller area means better overall performance. The proposed
CSG can provide significantly shorter switching time and lower
switching loss. The only drawback is the higher overvoltage,
especially on the upper MOSFET, which is a common trade-off
to pursue higher switching speed in hard switching applications.

VI. CONCLUSIONS

The switching transient of a 30 A SiC discrete MOSFET and
a 800 A power module in a phase-leg based on the traditional
VSG is analyzed and evaluated with the help of double pulse
tests. The results show that the constraints limiting the
switching speed for the discrete device and the power module
are different. There is still plenty of room to improve the
switching speed for the discrete device even when the external
gate resistance is reduced to zero, which means the
conventional VSG cannot maximize the switching speed. On
the other hand, the power module suffers from high overvoltage
caused by the loop parasitics due to higher di/dt, and the
existing gate drive is sufficient to push the switching speed to
the upper limit.

To further increase the switching speed of the discrete
device, its intrinsic characteristics that impact the performance
of the gate drive are analyzed in detail. Due to the high Miller
voltage and internal gate resistance of the discrete device, the
gate current with the conventional VSG and existing CSG is
limited, and the voltage fall time during the turn-on transient is
dominant. A CSG is proposed that can achieve constant gate
current during the whole switching transient regardless of the
influence by the large gate resistance. The CSG can be
controlled to turn to VSG after the switching transient ends to
avoid the increase of gate drive loss. A comparison is made
between the conventional VSG and proposed CSG with double
pulse tests. The results show that the turn-on and turn-off time
is shortened by 67% and 50% respectively with the proposed
CSG at full load condition. A switching loss reduction of 68%
is achieved by the proposed CSG in comparison with the
conventional VSG.
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