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The Active Gate Driver Based on Hardware
Closed-Loop Control for Crosstalk Suppression of
S1C MOSFETs With Kelvin-Source Connection

Mingkai Cui"”, Lei Chen

Abstract—Silicon carbide (SiC) MOSFETs with Kelvin-source
connection are widely used in power converters based on a bridge
configuration circuit, but crosstalk significantly impacts reliabil-
ity and limits their application potential. For this problem, this
article presents an active gate driver (AGD) based on hardware
closed-loop control. A simple hardware closed-loop controller is
designed to regulate the gate-source voltage of SiC MOSFETs. For
aspect one, the closed-loop structure can reduce the peak voltage
of crosstalk online. For aspect two, since the closed-loop structure
can ensure the convergence of the gate-source voltage, a higher
drive voltage is then permitted to shorten switching time and power
loss. Compared with conventional methods, the proposed AGD can
suppress crosstalk without adding switching loss. Experimental
results verify the superiority of the proposed AGD for the SiC
MOSFET-based bridge configuration circuit.

Index Terms—Active gate driver (AGD), crosstalk suppression,
SiC MOSFET, switching loss, switching transients.

1. INTRODUCTION

HE rapid advancement in wide-bandgap power devices has

facilitated high-frequency operation, which is poised to
reshape next-generation power electronics converters. Among
them, silicon carbide (SiC) MOSFETs stand out with their ex-
ceptional features such as fast switching speed, high power
density, and low switching loss. These attributes draw significant
attention from both academic and industrial domains [1], [2],
[3], [4]. However, in SiC MOSFET based bridge configuration,
the rapid voltage changes (dv/df) during the fast switching
transients of one SiC MOSFET can influence its complementary
SiC MOSFET. This interaction between two switches is known as
crosstalk [5]. The presence of crosstalk in the SiC MOSFET bridge
configuration can lead to spurious turn-ON, increased switching
loss, and reduced device lifetime. Thus, crosstalk is a critical
element for the power converters based on SiC MOSFETSs. Several
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strategies for crosstalk suppression have been proposed, catego-
rized into three groups based on their principles: decreasing the
dvldt, applying negative turn-OFF gate voltage, and decreasing
the gate-source drive path impedance [6].

In the first category, reducing the dv/dt can lower the current
through Miller capacitor of SiC MOSFET, thereby suppressing
crosstalk. However, reducing the dv/dt by slowing down the
switching process hinders the full utilization of SiC MOSFET and
increases switching loss [7], [8]. An active gate driver (AGD)
for improving SiC MOSFET switching trajectory is proposed to
reduce dv/dt without sacrificing switching loss [9]. However, the
AGD is an open-loop control system and its control strategy is
based on the data measured offline. The control performance
may vary when temperature or working condition changes.
Considering that the switching time for SiC MOSFET is as short
as tens of nanoseconds, the closed-loop control in the switching
transition based on a digital processor for SiC MOSFET is difficult
to realize. The digital processor needs to operate at a high
sampling rate and processing speed [10]. A high-performance
FPGA is used to sample the switching transient of SiC MOSFET,
and a gate driver can change the output voltage in different
switching stages to reduce dv/dt [11]. However, this method
requires the digital processor to sample at a very high speed,
increasing costs greatly. Soft-switching can realize zero-voltage
switching, resulting in dv/dt reduction [12], [13]. However,
soft-switching is not suitable for applications with changing
operating conditions such as motor control.

For the second category, imposing negative turn-OFF gate-
source voltage can reduce the risk of spurious turn-ON at the
moment of positive crosstalk. However, due to the low mini-
mum allowable gate-source voltage, imposing negative turn-OFF
gate-source voltage cannot fully suppress positive crosstalk and
may result in overstress of the negative gate-source voltage of
SiC MOSFET when negative crosstalk occurs. Even in a short
period of time, the overstress could cause an increase in ON-state
resistance and a reduction in the lifetime of SiC MOSFET [14],
[15]. A level shifter is proposed to generate negative turn-OFF
gate-source voltage in [16] and [17]. However, the required neg-
ative voltage may exceed the minimum allowable gate-source
voltage of SiC MOSFET. Moreover, it is difficult to select the
value of negative turn-OFF gate-source voltage due to oscillation
caused by parasitic parameters [18], [19].

For the third category, decreasing the impedance of the
gate-source drive path can reduce the amplitude of crosstalk.
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Fig. 1.  Structure of conventional SiC MOSFET gate driver.

In [5], additional transistors are used between the gate-source
terminals to short the Miller current when the amplitude of
crosstalk exceeds the clamping threshold. However, the induced
gate-source voltage needs to be predicted and detected. Also, the
topology is complex, resulting in decreased reliability. Miller
clamping can be employed to suppress the positive crosstalk.
However, the negative spikes of gate-source voltage may be
introduced during the process of Miller clamping which may
result in the overstress of the negative gate-source voltage of
SiC MOSFET [20]. In addition, adding auxiliary capacitors at the
gate-source of SiC MOSFET can effectively suppress crosstalk,
but this method delays the switching speed, as well as increases
the switching loss [21].

Therefore, it is still challenging to suppress the crosstalk
without sacrificing other performance of SiC MOSFET or in-
troducing complex topology. For SiC MOSFET, Kelvin-source-
based connection is commonly utilized in power converters [22].
To suppress the crosstalk of this structure, an AGD based on
hardware closed-loop control is proposed. The contribution of
this article lies in the following aspects.

1) Positive and negative crosstalk is effectively suppressed,
which can prevent spurious turn-ON and improve lifetime
of SiC MOSFET.

2) Higher voltage power supply is utilized, combined with
the control effect of AGD, resulting in a reduction in
switching loss of SiC MOSFET.

II. DEFECTS OF CONVENTIONAL GATE DRIVER WITH
AUXILIARY CAPACITORS

A. Mechanism of Crosstalk Generation

The typical structure of bridge configuration based on SiC
MOSFETs with conventional gate drivers (CGDs) is shown in
Fig. 1. O; and Q» represent the upper and lower SiC MOS-
FETs respectively. Cygn, Cgsn, and C sy, represent the junction
capacitances of SiC MOSFETS, R, represents drive resistance,
and L, represents parasitic inductance in the drive loop (where
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n=1,2.“1” represents the upper and “2” represents the lower).
Vac represents the voltage of dc-link.

The equivalent circuit of the CGD, when crosstalk occurs, is
shown in Fig. 2. The relationship between gate driver output
voltage vyt and gate-source voltage of SiC MOSFET v, can be
expressed as

di (1
dt

where i, represents the output current of SiC MOSFET gate driver
and v,y is numerically equal to the turn-OFF voltage V..

By applying the Kirchhoff’s voltage and current law, drain-
source voltage v 4, and Miller current iyq can be expressed as

@)
3)

Vout () = Rgig(t) + Ly

+ vgs(t) (1)

Vds (t) = VUdg (t) + Vgs (t)
iga(t) = ig(t) +igs(t)

where i,, represents the gate-source current of SiC MOSFET.
Miller current i 4,4 and gate-source current i 4, can be expressed
as

d
iqa(t) = Cpg 220 o)
ign(t) = Oy 2ell) )

Substituting (2), (3), (4), and (5) into (1), the expression of
crosstalk voltage can be calculated as

dAvgs(t)
dt

d’UdS (t)
dt

d?Avgs(t)
dt?
d2 Vds (t)
dt?

Avgs(t) + RyCiss + LyCiss

= Rgcgd

+ LyCyq 6)
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Fig. 4. Structure of conventional gate driver with auxiliary capacitors.

where Avg, is the change amplitude of gate-source voltage
affected by crosstalk and Cs is the input capacitance, which
can be expressed respectively as

ArUgs = ‘/ee — VUgs

Ciss = Ugd + Cgs~

It can be observed from (6) and Fig. 2 that Av, is primarily
determined by the rate of change of drain-source voltage, dv js/dt
as shown in Fig. 3. During the turn-ON process of SiC MOSFET,
the rising drain-source voltage results in positive Miller current
flowing through the Miller capacitance and gate resistance of the
complementary SiC MOSFET, leading to a positive spike in gate-
source voltage of the complementary SiC MOSFET. If the positive
spike voltage exceeds the threshold voltage of SiC MOSFET, it
may cause spurious turn-ON of SiC MOSFET. Similarly, during the
turn-OFF process of SiC MOSFET, there will be a negative spike
in gate-source voltage of complementary SiC MOSFET. If the
negative spike is lower than the minimum allowable gate-source
voltage of SiC MOSFET, it may cause a lifetime reduction of SiC
MOSFET.

B. Analysis on Energy Loss of Conventional Gate Driver With
Auxiliary Capacitors

Conventional gate driver with auxiliary capacitors (CGDACS)
can effectively suppress crosstalk [23]. The addition of auxiliary
capacitors between the gate and source of the SiC MOSFET, as
shown in Fig. 4, results in diversion of Miller current through
the auxiliary capacitors. Consequently, this leads to a reduction
in crosstalk amplitude.

The turn-ON process of SiC MOSFET with CGDAC is typically
divided into four stages, including turn-ON delay stage, current
rising stage, voltage falling stage, and gate remaining charging
stage. During the turn-ON transient, the switching loss of SiC
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Fig. 5. Overall structure of proposed AGD.

MOSFET mainly occurs in current rising stage and voltage failing
stage. This can be expressed as [24]

1 1
Bon_aigjar = 5 11 Vae 1 L/ @ (7)
1 Va
Eon_dv/dt = 5 Ap - Vie - m (3)
Eon = Eon_ary jdt + Eon_dv/dt )

where Fo,_gi,/a¢ i the energy loss in current rising stage,
Eon_av/ar 18 the energy loss in voltage falling stage, E, is total
loss of turn-ON transient, and [, is load current of SiC MOSFET.

The current slope and voltage slope can be calculated as [25]

V:‘ - (0-5IL/gm + ‘/fh)

digs/dt| = —= 10

dige ] = <= (10
chc*Vmiller

dvgs /dt| = ——— 11

dvas ] = = an

where V. is the positive power supply voltage of SiC MOSFET
gate driver, Vy, is the threshold voltage of SiC MOSFET, g, is
the transconductance of the SiC MOSFET, and C; is the total
gate-source capacitor which can be expressed as

Cy = Cgs + qu + Caux-

By substituting (10) into (7), and substituting (11) into (8),
the losses in the current rising stage and voltage falling stage
can be respectively calculated as

ILRyCt/gm + Ly

1
Eoy ai =— I -V - 12
on_di; /dt 9 L dc Vcc — (05IL/gm + V;&h) ( )
1 VacCyaR
Eon v =—-Ir - Vi - SEahe 13
~dv/ dt 2 r @ V;c - Vmiller ( )

It can be seen from (9) and (12) that the addition of auxiliary
capacitors increases the loss in the turn-ON process. Similarly,
it also increases energy loss in the turn-OFF process. Therefore,
CGDAC is incapable of attaining the optimal balance between
switching loss and crosstalk suppression.

III. PROPOSED AGD AND OPERATION MECHANISM

The AGD based on hardware closed-loop control is proposed
in response to the problems analyzed in Section II, as shown in
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Fig. 6.  Turn-ON waveforms of SiC MOSFET with proposed AGD.

Fig. 5. The proposed AGD can effectively enhance two aspects
of performance by the hardware closed-loop structure.

1) Higher voltage power supply is utilized, combined with
voltage regulation mechanism of the closed-loop con-
troller, resulting in a reduction of switching loss.

2) Crosstalk is suppressed which can prevent spurious turn-
ON and improve lifetime of SiC MOSFET.

The proposed AGD consists of two main paths: a feedback
path and a feedforward path. In the feedback path, operational
amplifier 1 (OP1) converts the gate-source voltage of SiC MOS-
FET into a feedback signal, vy, OP2 subtracts the given signal
UZS from the feedback signal vy, to derive an error signal verr1.
OP3 amplifies the error signal ver,1 tO Verpo. In the feedforward
path, the feedforward signal vsq is introduced to realize the
comprehensive suppression of crosstalk, the selection and design
of this feedforward signal will be described in Section III-B.

A. Switching Loss Reduction Mechanism of Proposed AGD

For aspect 1, it can be seen from (12) and (13), the switching
loss of SiC MOSFET with CGDAC can be reduced by increasing
power supply voltage, V... However, due to the low maximum
allowable gate-source voltage of SiC MOSFET, increasing the
power supply voltage may result in a reduction of its lifetime
or potential damage. Moreover, since there is no closed-loop
control in CGDAC, the output voltage in the switching process
cannot be adjusted. Thus, the output voltage in the whole process
needs to be set lower than the maximum allowable gate-source
voltage of SiC MOSFET. In the proposed AGD, the output voltage
can be dynamically adjusted through closed-loop control, which
break the limit of maximum allowable gate-source voltage in
the opening process and improve the switching speed. It can
be seen from Fig. 6 that from moment 7y to moment t4, the
power supply of proposed AGD, V.. agp, is set higher than the
power supply of CGD and CGDAC to accelerate the switching
speed. After moment 74, the closed-loop controller adjusts the
output accordingly to ensure a suitable gate-source voltage.
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Subsequently, the specific switching process based on AGD will
be analyzed.

The turn-ON process of SiC MOSFET based on the proposed
AGD can be divided into five stages, as illustrated in Fig. 6.
including turn-ON delay stage (fo-t1), current rising stage (¢1-
12), voltage falling stage (#o-13), gate-source remaining charging
stage (#3-14) and gate-source voltage closed loop stage (74 to next
turn-OFF process). In Fig. 6, the areas of regions S, S2, and S3,
respectively, represent the loss reduction of SiC MOSFET with
AGD during the current rising stage, the loss reduction of SiC
MOSFET with AGD during the voltage falling stage, and the total
loss of SiC MOSFET with AGD during the turn-ON process. The
sum of the areas of S, S2, and S; is equal to the total loss of SiC
MOSFET with CGDAC during the turn-ON process.

1) Turn-On Delay Stage (tp-t1): At tg, the voltage of gate-
source V4, is gate-source turn-OFF voltage of AGD, v;s (turn_off)?
and the amplified error is shown as

_ . * _ *
Kerr * Verr1 = Kerr (Ugs(turnfon) vgs(turnfoﬁ‘))

(14)

where k., is gate-source voltage error amplifier coefficient and
;S(mmfow is gate-source turn-ON voltage of AGD.

The ke, is designed to satisfy
ken‘ :

*

(U;S(turn—on) o vg“"(turn—off)) > ‘/CC—AGD (15)

where V.. _agp is the positive power supply voltage of the AGD.

The amplified error is larger than the positive power supply
voltage of operational amplifiers OP2 and OP3, causing satura-
tion in these two operational amplifiers. Thus, the output of OP3
Vout 18

Vout (t) = Vcc_AGD- (16)

In this stage, the gate-source voltage is in open-loop state due
to the saturation of the operational amplifiers OP2 and OP3.
Thus, the gate-source circuit of SiC MOSFET is a typical second-
order system, v4,(f) can be calculated as

dvgs(t) d?vgs(t)
dt dt?

According to (23), the v4(s) in frequency domain can be
obtained by Laplace transformation, which is shown as

Vgs (t) + RgCt

+ LyCy = Veecacp.  (17)

Vgs(8)
Veeacp - = + vgs(to) (LyCrs + RyCy) + LyCyv) (to)
LgCtSQ + RgCtS +1

(18)

where v (1) is the gate-source voltage at 7y, and v’g _(to)is value
of the derivative of v 4, at moment f.

2) Current Rising Stage (t1-t3): When the gate-source volt-
age of SiC MOSFET reaches the threshold voltage, Vy, at t;, the
amplified error is still higher than V.. agp and the output volt-
age of gate driver is V.._aap. Thus, v4,(s) can be calculated as

Vgs(s)

‘/cc_AGD : % + Ugs(tl) (LgCtS + Rgct) + Lgc’tU;S (tl)
LgCtS2 + RgCtS +1

19)
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where vg,(t1) is the gate-source voltage at #1, and v/ (t1) is
value of the derivative of v, at moment #,.

In this stage, the drain-source current, i 4, begins to rise. The
slope of i 4, during this process is shown as

Veeaop — (0.511/gm + Vin)
RyCy/gm '

3) Voltage Falling Stage (t2-t3): When the gate-source volt-
age of SiC MOSFET reaches the Miller stage voltage, the drain-
source voltage, v4s, begins to drop, the slope of vy4s can be
calculated as

digs/dt| = (20)

V;a_AGD - Vmiller

dvgs/dt| =
dvas ] = =GP

(21
where Viiller 1 the Miller stage voltage and it can be expressed
as

I

Vmiller = = + ‘/th~
Im
4) Gate Remaining Charging Stage (t3-t4): After t3, the vy

drops to 0 V. The Miller stage ends and v starts to rise again.
The amplified error is still higher than V.. _agp. Thus, the output
voltage of gate driver is Ve._agp. Thus, v4s(s) can be calculated
as

Vgs(s)
‘/CC_AGD . % + ’Ugs(tg) (LgCtS + RgCt) + Lgct’l];s (td)
LgC’t52 + RgCtS + 1

(22)

where v4(f3) is the gate-source voltage at #3, and v; .(t3)is value
of the derivative of v 4 at moment f3.
5) Gate-Source Voltage-Closed Loop Stage (t4 to Next Turn-
off Process): At t4, the gate-source voltage satisfies
U*gs(turnfon) — VUgs (t) < (chcfAGD/kerr) . (23)
Thus, operational amplifiers OP2 and OP3 enter the linear
region. The closed loop of v,s and vy, is established. At this
stage, the relationship between vy, and v, can be calculated as

d?vgs(t)
dt?

dvgs(t)

L,C; 0

+ R,Cy

+ (1 + kerr) vgs(t) = Kerrvys-

24

According to (24), the relationship between v, and vy, in

frequency domain can be obtained by Laplace transformation,
which is shown as

Vgs(8)
_ kmvzsé + LyCisvgs(ta) + RgCrvgs(ta) + LgC’tv;]S (tq)
Lgct82 + RgCtS + (1 + kerr)

(25)
where v 4(24) is the gate-source voltage at 4.
The steady-state value of v, can be calculated as
tEToo vgs(t)= 11_1}(1) SUgs(S). (26)

By substituting (25) into (26), the steady-state value of v,
can be calculated as

lim sv,4(s)

Kerrvys % +LyCisvgs(ta)+RyCrvgs(ta)+LyCruvy(ta)

=lims
s—0

— kerr
1+ ker
By substituting (20) into (7), and substituting (21) into (8),
the losses in the current rising stage and voltage falling stage
can be respectively calculated as

LgCtS2+RgCtS + (1 + ken‘)

27

1
Eon_di; jdt(AcD) = 3 Iy, - Ve

« ILRgCt/gm (28)
Veeagp = (0511 /Gm + Vin) + Ly
1 Ve CoaR
Eon_dv/dt(AGD) = 3 A Ve - m (29)

It can be seen from (28) and (29) that the higher power supply
reduces the losses in the current rising stage and voltage falling
stage. In subsequent experiments of this article, the V.. agp is
set as 24 V, and V. agp is set as —8 V. After the moment #4,
the proposed AGD controls the gate-source voltage in a close
loop state. As shown in (27), the gate-source voltage converges
t0 Kerr¥y /(kerr + 1). In subsequent experiments of this article,

s (trnom) is set as 19 V during the turn ON process, and

;S(mmmm is set as —1.5 V during the turn OFF process. Thus,
the proposed AGD can ensure that the gate-source voltage will
not exceed the maximum gate-source voltage of SiC MOSFET.

The turn-OFF process of the proposed AGD is the inverse
process of the turn-ON process. Similarly, there are also five
stages in the turn-OFF process. Likewise, the proposed AGD
can ensure that the gate-source voltage will not drop below
the minimum allowable gate-source voltage of SiC MOSFET and
reduce the switching loss.

B. Crosstalk Suppression Mechanism of Proposed AGD

Due to the complexity of solving multiorder systems in time
domain, this section focuses on analyzing aspect 2, which per-
tains to the crosstalk suppression mechanism of the proposed
AGD, from frequency domain. In SiC MOSFET bridge configu-
ration, the drain-source voltage exhibits a trapezoidal waveform
with a voltage amplitude V. and a frequency of the trapezoidal
waveform is equal to the switching frequency f;,. The amplitude
of its nth harmonic can be obtained by Fourier decomposition
as [26]

(30)

A, = 2V [Sin(md)} [Sin(nﬂ fsz,.)]

nwd N7 fow

where T’ is the rise time of the SiC MOSFET drain-source voltage,
d is the duty cycle of v 4.

The amplitude of its nth harmonic decreases with a slope of
20 dB before the cut off frequency, f., and it decreases with
the slope of —40 dB after the cut off frequency. The cut off
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frequency can be calculated as [26]

1
fe= 7

Since the rise time of SiC MOSFET is only tens of nanoseconds,
harmonics with the frequencies in the tens of MHz range cannot
be ignored. Thus, to effectively suppress crosstalk, it is imper-
ative to suppress not only the harmonics close to the switching
frequency but also those occurring at tens of MHz.

According to (6), the transfer functions of Av,(s) and v 44(s)
in CGD and CGDAC, can be respectively obtained through
Laplace transformation as

(€19}

Avgs($) L,Coys®>+ CyyR,s
G — g — g~g g g 32
d_cGp(s) 00 (5) ~ LyCyus® T RyCyus + 1 (32)
Avg(s L,Cyqs® + CyqRys
Ga_copac(s) = —2 (5) _ LgCia 949 (33)

vas(s)  L,04s2 + RyCys+ 17

Fig. 7 shows the crosstalk magnitude responses of CGD,
CGDAC, where C4 = 2700 pF, Cyq = 100 pF, Cyyy = 2 nF,
R, =10 €, and L, = 1 nH. As can be seen, CGD shows its
high-pass characteristics. Compared with CGD, the CGDAC
shows an approximate —3 dB reduction in crosstalk magnitude
response within the high frequency range. However, the response
amplitude of CGDAC to crosstalk in low frequency band is
almost the same with CGD and its crosstalk suppression ability
in high frequency region is still weak.

According to the structure of proposed AGD, the equivalent
diagram of crosstalk suppression is shown in Fig. 8. In the
feedback path of proposed AGD, after introducing the error
amplifier coefficient k..., the transfer functions of Avy, and v,
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can be calculated as

. Gd_CGDAC(S) . LgC’gd52 + ngRgS
14 kenGi(s)  LyCis? + RyCys + ki + 17
(34)

According to (34), Fig. 7 shows the crosstalk magnitude
response of the proposed AGD with feedback path. Building
upon CGDAC, the proposed AGD with feedback path further
mitigates the crosstalk magnitude response in the low-frequency
region. However, achieving effective suppression of crosstalk
in this region requires a high k., value, which can poten-
tially induce closed-loop instability, while its ability to sup-
press crosstalk in the high-frequency region remains limited.
To address this issue, it is imperative to design Gs(s) in the
feedforward path.

In feedforward path, Go(s) is a linear controller and the
drain-source voltage v 44(s) is the feedforward signal. The feed-
forward path is only utilized when crosstalk occurs and it not
affect the switching process of SiC MOSFET. However, in bridge
configuration, the amplitude of drain-source voltage is equal
to the dc-link voltage. If the drain-source voltage is directly
input to the amplifier, the amplifier will be damaged. For this
problem, the PWM signal of complementary SiC MOSFET is
selected as the feedforward signal, v¢4, which is proportional
to vgs(s) approximately, as shown in Fig. 9. The relationship
between v44(s) and vy, (s) is shown as

Ga_acp(s)

S Td

vas(8) = kovya(s)e” (335)

where k is the magnitude ratio of V4. and PWM signal vy, T
is the time difference value between v 44(s) and vy4(s).

With the introduction of feedforward signal vy, (s), the drain-
source voltage of SiC MOSFET can be observed indirectly. Ac-
cording to the superposition theorem and small signal model of
SiC MOSFET at turn-OFF state, with the introduction of feedback
path and feedforward path, the Av,,(s) caused by v¢q (s) and
v4s(s) can be calculated as

_ Gacapac(s) FenG1(5)Ga(s)
o 1+ kerrGl(S) UdS(S) + 1+ kerrGl(S)

~ Ga_copac(s) + b 0574 G (5) G (s)

_ — kc}:Gl 0 vas(s). (36)

Avgs(s) vra(s)

It can be seen from (36), the crosstalk is determined by ke,;,
ko and controller Go(s), if

Kere s
Ga_copac(s) + 7€ 11 (5)Ga(s) = 0 37)

0
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crosstalk will be theoretically suppressed. Thus, Ga(s) can be
calculated as
koCgq

Go(s) = —— (L952 + Rgs) e Ta,

kerr (38)

It can be seen from (38) that crosstalk is composed of two parts
one is caused by parasitic inductance L, and the other is caused
by drive resistance R,. In order to eliminate the crosstalk, the
time domain form of Gs(s) should be designed as a combination
of a second-order differentiator and a first-order differentiator.
However, it is difficult to implement a second-order differentia-
tor with analog device and the introduction of differentiator will
cause the system to be sensitive to noise. According to [22], the
parasitic inductance in the gate driver of Kelvin package SiC
MOSFET is small by proper design in practical applications. In
[10], [27], [28], and [29], the parasitic inductance is ignored in
the process of SiC MOSFET modeling and crosstalk suppression
strategy. Therefore, the crosstalk caused by the drive resistance
is the main part, and the proposed feedforward regulator Ga(s)
is designed as

ko 1

GQ(S) == —7ngRgS . m

o 39)

It can be seen from (39) that the proposed G(s) is a first order
differentiator with a low-pass filter. It approximately achieves
the effect of time delay 7'; and the low-pass filter can effectively
avoid the impact of noise on the differentiator.

According to (36) and (39), crosstalk magnitude responses of
the proposed AGD with feedback path and feedforward path can
be calculated as

A, (5) = Gy(s) + b= esTa G (5)Gals)
Vgsl8) = 1+ ke G, (5)

2 esTd
B LgngS + ngRgS — mcnggs

L,Cis? + RyCys + ke + 1

Vas(8)

vas(8).

(40)

According to (40), the crosstalk magnitude response of pro-
posed AGD is shown in Fig. 7. It can be seen that the proposed
AGD achieves comprehensive crosstalk suppression through
feedforward and feedback paths in the full frequency range.

C. Design Guideline of Proposed AGD

Aiming at driving SiC MOSFET, a design example of the
proposed AGD is given below. First, adjusting the AGD to the
open-loop state. The gate-source loop is a second-order system
in this state. The relationship between gate-source voltage and
the gate driver output voltage is

Vgs(s) 1

Grls) = Vout (8) - L,Cis? + R,Cys+1°

(41)

Second, carefully select the drive resistance R, and auxiliary
capacitor Cy,,x to make ensure that the gate-source loop remains
in an underdamped state. The output voltage of gate driver is a
step signal, on this condition, the response of the gate-source

voltage in the time domain can be expressed as

1
Vgs(t) = v (1 il

where ( is damping ratio, wyis damped oscillation frequency,
wpis natural oscillation frequency, which can be expressed re-
spectively as

) e Sntsin(wgt + ) (42)

c=B |G
2\ I,
[
“n =N\ L

wq = wpy/1— (2

The wy can be obtained by measuring the frequency of gate-
source voltage oscillation with oscilloscope. It can be seen from
(42), since R, and C;,s are known, the parasitic inductance, L,
can be extracted by calculation.

Third, adjusting the AGD to the closed-loop state. The rela-
tionship between gate-source voltage and the gate driver output
voltage when AGD in the closed-loop state is

Glic(s) _ kerrGl(S) _ kerr )

14 kewrG1(s)  LgCis® + RyCis + ke + 1
(43)

The peak gate-source voltage in the closed-loop state can be

expressed as

Vgspeak = Vg (1 + 7™/ V17CE) (44)

where ( is damping ratio of AGD in the closed-loop state, which
can be expressed as

Rg Ciss

=7 Ly(ker +1)

To avoid damaging SiC MOSFET, the peak gate-source voltage
should satisfy

Vgspeak < Ugsmax (45)

where v ggmax is the maximum allowable gate-source voltage of
SiC MOSFET.

It can be seen from (44), the overshoot rate of gate-source
voltage is determined by the damping ratio of the system. If
the overshoot is relatively large, it is necessary to increase the
damping ratio, which can be achieved by increasing the drive
resistance or the parallel auxiliary capacitance.

According to the Fig. 6, the SiC MOSFET based on the proposed
AGD is in the open-loop state during the switching process
at stages fo9-t4. Thus, the peak time of gate-source voltage is
approximately the same as the peak time of open-loop state.
The peak time can be expressed as

™ s

fp=— = —
b wny/1— (2

=
Due to the limitation of the operational amplifier slew rate,
the output voltage of operational amplifier is not an ideal step

(40)
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Fig. 10.
gram.

Experimental hardware platform and measurement schematic dia-

voltage. The slew rate of operational amplifier need to satisfy
Ugs

SW

Therefore, the main limitation of the AGD proposed in this
article is that the slew rate of operational amplifier need to be
very high. In order to meet the requirement, the LM6172 is
selected as the operational amplifier of proposed AGD in this
article, with a slew rate of 3000 V/us. In a few nanoseconds,
the output voltage of the Im6172 can rise to the gate-source
given voltage, v4s*. Thus, choosing the Im6172 as a closed-loop
controller does not affect the fast switching of the SiC MOSFET.

<t @7)

IV. EXPERIMENTAL VERIFICATION

In order to verify the effectiveness of the proposed AGD, the
double pulse test platform with IV1Q12050T4 SiC MOSFET is
built as shown in Fig. 10. The maximum positive and negative
gate-source voltage of IV1Q12050T4 is 22 V and —5 V. The
experimental waveforms are captured by the YOKOGAWA
DLM?2024 digital oscilloscope (200 MHz, 2.5 G/S). Voltage
waveforms are measured by the 100 MHz differential probe
Yokogawa 700924 and the current waveforms are measured by
the PEM CWT3 Rogowski current waveform transducer, with a
peak current slew rate of 40 A/ns.

A. Switching Loss Reduction Verification

Figs. 11 and 12 show the turn-ON process and turn-OFF process
waveforms of the CGD, CDGAC, and proposed AGD (The
drain-source current is at 25 A, and the dc-link voltage is at
400 V, 300 V, and 200 V, respectively). The driver resistance
in CGD, CGDAC, and proposed AGD is 10 2, and auxiliary
capacitor of CGDAC and proposed AGD is 2.2 nF. It can be
seen that the loss in the turn-ON process of CGD is 307, 243,
and 229 pJ when the drain-source current is 25A and the dc-link
voltage is 400, 300, and 200 V, respectively. The loss in the
turn-OFF process is 569, 351 and 268 uJ, respectively. The total
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time of the turn-ON process, including current rising stage and
voltage falling stage is 119, 131, and 134 ns, respectively. The
total time of the turn-OFF process, including voltage rising stage
and current falling stage, is 152, 166, and 159 ns, respectively.

Due to the introduction of auxiliary capacitors, the change rate
of drain-source current in CGDAC is reduced which results in
increased switching time and loss. The total time of the turn-ON
process is 162, 170, and 175 ns, respectively. The total time of
the turn-off process is 183, 199, and 236 ns, respectively. The
loss in the turn-on process of CGDAC is 438, 359, and 229 uJ
respectively. The loss in the turn-OFF process of CGDAC is 630,
425, and 313 puJ, respectively. Compared with the above two
methods, the proposed AGD can effectively reduce the switching
time and loss. Specifically, the total time of the turn-ON process
is 98, 97, and 95 ns, respectively. The total time of the turn-OFF
process is 112, 114, and 107 ns, respectively. The loss in the
turn-ON process is 246, 208, and 102 pJ, respectively. The loss
in the turn-OFF process is 354, 336, and 175 pJ, respectively. It
can be seen from the experimental results that the proposed AGD
can reduce the switching loss by up to 20% and 40% compared
with CGD and CGDAC which proves the effectiveness of AGD
in reducing the switching loss.

B. Crosstalk Suppression Verification

Fig. 13 shows the crosstalk experimental results of the CGD,
CDGAC, and proposed AGD (the drain-source currentis at25 A,
and the dc-link voltage is at 400, 300, and 200 V, respectively).
It can be seen from the results of CGD that during the turn-
ON process of SiC MOSFET, the maximum positive gate-source
voltage of its complementary SiC MOSFET is 2.8, 1.7, and 0.9 V
at 400, 300, and 200 V, respectively. The corresponding change
amplitude of gate-source voltage is 6.1, 5.0, and 4.2 V. During
turn OFF process of SiC MOSFET, the minimum negative gate-
source voltage of complementary SiC MOSFET is —7.1, —5.8,
and —5.1 V, respectively. The corresponding change amplitude
of gate-source voltage is —3.8, —2.5, and —1.8 V.

For CGDAC, during the turn-ON process of SiC MOSFET, the
maximum positive gate-source voltage of its complementary SiC
MOSEFET is 1.1, 0.6, and —0.6 V at 400, 300, and 200 V, re-
spectively. The corresponding change amplitude of gate-source
voltage is 4.4, 3.9, and 2.7 V. During turn OFF process of SiC
MOSFET, the minimum negative gate-source voltage of comple-
mentary SiC MOSFET is —6.2, —5.1, and —4.3 'V, respectively.
The corresponding change amplitude of gate-source voltage
is —2.9, —1.8, and —1.0 V. Although CGDAC can partially
suppress the crosstalk, the above experimental results show that
compared with CGD, the switching loss of CGDAC is increased
by 20% and the negative crosstalk is still lower than the minimum
allowable gate-source voltage of SiC MOSFET which results in
reduced lifetime.

For the proposed AGD, during the turn-ON process of SiC
MOSFET, the maximum positive gate-source voltage of its com-
plementary SiC MOSFET is 0.9, —0.1, and —0.7 V at 400, 300,
and 200 V, respectively. The corresponding change amplitude
of gate-source voltage is 2.15, 1.15, and 0.55 V. During turn
OFF process of SiC MOSFET, the minimum negative gate-source
voltage of complementary SiC MOSFET is —3.1, —2.6, and
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Fig. 11.  Experimental results of CGD, CGDAC and proposed AGD during turn-ON process under 25 A, DC-link voltage at (a) 400 V, (b) 300 V, and (c) 200 V.
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Fig. 12.  Experimental results of CGD, CGDAC and proposed AGD during turn-OFF process under 2 SA, DC-link voltage at (a) 400 V, (b) 300 V, and (c) 200 V.
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Fig. 13.  Crosstalk experimental results of CGD, CGDAC and proposed AGD under 25 A, DC-link voltage at (a) 400 V, (b) 300 V, and (c) 200 V (figures above
are results of positive crosstalk and figures below are results of negative crosstalk).
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—2.0 V, respectively. The corresponding change amplitude of
gate-source voltage is —1.85, —1.35, and —0.75 V. It can be seen
from the experimental results that the proposed AGD exhibits
superior crosstalk suppression capability and a smaller negative
gate-source spike voltage compared with CGD and CGDAC.
Thus, the proposed AGD can ensure the safe operation under
various working condition, solves the contradiction between
switching loss and crosstalk suppression capability, and improve
the lifetime of SiC MOSFET.

V. CONCLUSION

In this article, an AGD based on the hardware closed-loop
control mechanism is proposed. The AGD effectively reduce
the amplitude of crosstalk and prevent the spurious turn-ON
of SiC MOSFET by designing feedback path and feedforward
path in the frequency domain. Thus, the AGD allows for higher
negative turn-OFF voltage to be applied, preventing overstress of
the negative gate-source voltage of SiC MOSFET and improving
its lifetime. Moreover, the introduction of closed-loop control
enables the power supply voltage to surpass the maximum
gate-source voltage limit, thereby enhancing the switching speed
of SiC MOSFET and reducing switching loss while ensuring that
the gate-source voltage remains within a safe range. The experi-
mental results show that compared with CGD and CGDAC, the
proposed AGD can suppress the crosstalk and reduce switching
loss under different working conditions.
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