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Abstract—This article introduces the negative feedback into
the gate drive. It proposes a negative feedback active gate drive
(NFAGD) for silicon carbide devices to fully utilize their potential
of high switching-speed capability in a phase-leg configuration. An
auxiliary P-channel MOSFET is introduced to construct a negative
feedback control mechanism. Due to the negative feedback mech-
anism, the proposed drive can automatically attenuate the distur-
bance from the complementary device of the phase-leg. Compared
to conventional gate drives, the proposed drive can suppress the
crosstalk without influencing the switching speed, thus enables
coordinated optimization of gate voltage stability and switching
behavior. This article analyzes the operation principle and then
recommend the fundamental design principle for the proposed
NFAGD. Finally, experiment results demonstrate the effectiveness
of the proposed NFAGD.

Index Terms—Active gate drive (AGD), crosstalk suppression,
fast switching, gate drive, phase-leg configuration, silicon carbide
(SiC).

NOMENCLATURE

NFAGD Negative feedback active gate drive.
vGS∗ Drive voltage.
vGS Gate voltage.
R Drive resistance.
C Auxiliary capacitor.
τ Time constant.
QN Controlled N-channel MOSFET.
QP Auxiliary P-channel MOSFET.
Rg Internal gate resistance of QN.

Ciss Input capacitance of QN.
Cgd Miller capacitance of QN.
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VGS,th Threshold voltage of QN.
VGS,IL Miller plateau voltage of QN.

gm Transconductance gain of QP.

Vth Threshold voltage of QP.

Kv Static velocity error constant.

I. INTRODUCTION

THE EMERGENCE of silicon carbide (SiC) semiconductor
devices promises to revolutionize next-generation power

electronics converters [1]–[4]. Compared with Si devices, SiC
devices featured with high breakdown electric field, low ON-state
resistance, fast switching speed, and high junction temperature
capability [5], [6]. These characteristics are beneficial for the
efficiency, power density, and reliability of power electronics
converters [7]–[9]. However, in a practical converter with a
phase-leg configuration, the switching transient of one device
will impact its complementary device, generating the crosstalk
phenomenon [4], [10].

The crosstalk phenomenon is characterized by large high-
frequency spikes and oscillations on the interfered device’s
gate voltage. The fast switching generates high dv/dt and di/dt,
which would pass through the Miller capacitance, inducing
high-frequency spikes and oscillations on the gate voltage [11],
[12]. Severe spikes and oscillations may lead to false triggers
and additional switching losses, even lead to shooting through
[9]. Moreover, overshoot and undershoot of the gate voltage are
critical parameters that influence the switching-induced drift of
gate threshold voltage [13]–[15]. Crosstalk is the critical element
for the switching behavior of SiC devices [16]–[18].

As the interface between power circuits and logic control
circuits, gate drives significantly affect SiC devices’ behavior,
including the crosstalk phenomenon. However, the conventional
gate drive with the fixed drive resistor must tradeoff between
switching behaviors, such as switching speed, switching loss,
switch stresses, and crosstalk suppression [19], [20]. For ex-
ample, a false turn-ON phenomenon due to a significant positive
dv/dt rating can also be limited by using a separate turn-OFF gate
driving network or putting a small capacitor between the gate
to source at the expense of reducing the efficiency improvement
with higher switching losses [11]. Introducing only the auxiliary
passive components for crosstalk suppression should tradeoff
between switching behaviors to obtain superior performance
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[19]. Induced Miller turn-ON effects and amplitude voltage
glitches across the gate-source terminals may be slightly exac-
erbated due to the higher target commutation speed. Therefore,
it is essential to establish proper driving conditions by prevent-
ing these anomalies with appropriate mitigation methods with-
out overly compromising the device’s switching performance.
Hence, introducing auxiliary active devices into the gate drive
circuit, researchers propose various active gate drives (AGDs)
to suppress SiC MOSFET crosstalk. Naturally, AGD becomes one
of the research focus.

As early as 1994, Italian scholars proposed an adaptive driving
technique [21], which became one of the beginnings of AGD
technology. In the early stage, AGD mainly serves Si-based
MOSFETS and IGBTs [22]. By changing driving parameters
in the switching transients, the active control is implemented
on the transient switching behavior of the device. Hence, the
gate drive can dynamically adjust the switching rate, providing
additional freedom to balance the electromagnetic interference
and switching speed. With the wide application of wide bandgap
semiconductor devices, represented by SiC and gallium nitride
(GaN), the crosstalk issue becomes one of the most critical
elements for the switching behavior, especially in fast switching
conditions [16], [23]. Hence, some researchers of the AGD tech-
nology paid close attention to the suppression of the crosstalk
phenomenon.

An intelligent versatile model-based trajectory optimized
AGD is proposed in [24]. Its various operation modes enable
it to dynamically adjust the switching speed and be versatile
for different scenarios, enabling a finetuned switching speed.
Thus, the crosstalk can be suppressed by tuning switching
speed by avoiding a too large dv/dt. Literature [25] proposed
two kinds of AGDs, namely, gate impedance regulation (GIR)
and gate voltage control (GVC). GIR predicts the variation
trend of induced gate voltage and controls the auxiliary active
device preemptively to reduce the gate impedance during the
switching transients. Once its gate impedance becomes small
during the switching transient, most displacement current will
be bypassed by the gate loop, resulting in less current that
would induce spurious gate voltage. Thus, crosstalk is mitigated.
Similarly, GVC also predicts the variation trend of induced gate
voltage. What is different is that GVC preemptively charges
the gate–source capacitance before the switching transients to
offset the induced voltage. In the follow-up research, literature
[26] proposed the intelligent gate drive (IGD). IGD has a gate
assist circuit consisting of two auxiliary transistors with two
diodes. By predicting the switching behavior, the assist circuits
preemptively control the gate voltage and gate loop impedances.
However, the complex auxiliary logic circuits are needed for
detecting the induced gate voltage, or for predicting the variation
trend of the induced gate voltage, to take preemptive action.
From the end-users’ point of view, additional complexity is
added, and the reliability concerns due to extra components.
Thus, the acceptance and adoption of these advanced gate drive
techniques are limited.

Active miller clamp (AMC) [11], [12], [27] is a typical AGD to
attenuate crosstalk and is widely used in commercial gate drive
chips with relatively simple components. The gate voltage is
detected and the auxiliary clamp device is activated preemptively

when the gate voltage drops below a threshold voltage, a value
relative to the turn-OFF bias voltage. It is the detected gate voltage
that is used to identify the existence of crosstalk. However,
the detected gate voltage peaks are less than that across the
internal gate–source terminals because of the relatively large
internal gate resistance of SiC devices [25]. Moreover, due to the
circuit propagation delay, the clamping bandwidth is not high
enough for the crosstalk suppression [11], [25]. On the other
hand, due to the high switching speed, the detected gate voltage
is interfered with mainly by the common-source inductance
between the drive loop and power loop, which is inevitable in
practical situations [25]. AMC technique shows a significant
crosstalk suppression with lower dv/dt ratings. However, some
limitations and enlarged disturbance are visible at higher dv/dt,
for example, higher than around 20 V/ns in the testbench used in
the literature [11]. The AGD techniques mentioned above show
significant crosstalk suppression at a relatively slow switching
speed. However, those AGD techniques with a crosstalk sup-
pression control that features a preemptive action, the crosstalk
suppression is mainly based on the feedforward architecture
[28], which shows significant drawbacks under fast switching
speed conditions.

The AGD is based on the feedforward control architecture,
and the gate voltage follows the drive’s output in an open-loop
way. It operates fixedly, pre-set based on switching behavior
prediction. The prediction is not always accurate, especially in a
fast switching condition, due to detection deviation, propagation
delay, and parasitic inductances. The fixed operation cannot be
self-adaptive following the increase of dv/dt ratings to ensure
real-time control and robustness against parameter uncertainty.
The AGD based on the feedback control architecture naturally
attracts the attention of researchers in this area.

For the AGD techniques with a crosstalk suppression control
featured with feedback control, the control method is inherited
from the methods for switching slew rate control in the drive of
Si-based devices [29]. The feedback control is implemented by
high bandwidth analog circuits [30], [31] or digital approaches,
such as field-programmable gate array with high-speed and
high-resolution D/A and A/D conversion [32], [33]. Unlike
the design criterion of AGD for Si power devices, crosstalk
suppression for gate voltage stability is critical for SiC devices
because of their low threshold voltage, considerable internal
gate resistance, and fast switching speed. Several researchers
have investigated the SiC-based switching transition negative
feedback control by either the electrical approach [24], [34]
or the optical approach [35], [36]. That research work enables
flexible slew rate control under the maximum switching speed
to avoid crosstalk but relatively slow switching speed. Limited
feedback control works focus on crosstalk suppression, allowing
an increased switching speed.

In summary, implementing negative feedback control in fast
switching SiC devices for crosstalk suppression is challenging.
First, considering the switching time for SiC devices is as short as
tens of nanoseconds, the propagation delay of the feedback con-
trol is a concern since it may be comparable, even longer than the
switching time. Second, fast switching is always associated with
parasitic ringing so that sensors that attempt to identify different
switching subintervals easily interfere, resulting in improper
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operation. Generally, a high switching speed is desired due to
the lower switching loss. However, coordinated optimization of
gate voltage stability and switching speed is challenging.

This article proposes an NFAGD employing one auxiliary
P-channel MOSFET and one auxiliary capacitor together with the
drive resistor for fast switching and crosstalk suppression based
on the negative feedback control mechanism. The combined
operation mechanism based on negative feedback control in the
drive-semiconductor system is given to show the basic operation
principle of the proposed gate drive. This article then shows a
design reference and experimental test results with commercial
1200V SiC MOSFETs to demonstrate the validity and effective-
ness of the proposed methodology.

II. COMBINED OPERATION MECHANISM BASED ON NEGATIVE

FEEDBACK CONTROL IN THE DRIVE-SEMICONDUCTOR SYSTEM

The gate drive requirements of SiC MOSFETS are similar to its
Si counterparts; however, the superior switching capability com-
bined with the specific electrical characteristics of these power
devices and parasitic elements requires special attention on the
gate drive circuit and layout design to avoid the ringing and
overshoot phenomena from becoming an issue. In the phase-leg
configuration, the switching process of one device will disturb
the gate voltage of the other device in the same phase-leg through
the parasitic elements, which might worsen the switching perfor-
mance and reliability. This interaction between the two devices
is called crosstalk. In particular, induced Miller turn-ON effects
and amplitude voltage glitches across the gate-source terminals
may be slightly exacerbated due to the higher target commu-
tation speed and because the negative gate voltage amplitude
maximum rating is different from the positive one contrary to
what is typically expected in Si devices. It is therefore very
important to establish proper driving conditions by preventing
these anomalies with appropriate mitigation methods, without
overly compromising the device’s switching performance.

This article introduces the negative feedback mechanism into
the gate drive to shield interference and attenuate the disturbance
generated on the gate voltage during fast switching. Based on
the negative feedback control, the gate drive is proposed to
suppress the crosstalk issue with a limited number of auxiliary
components and a compact structure.

A. Negative Feedback Control Mechanism

The negative feedback mechanism is realized by taking the
transconductance of the auxiliary MOSFET as the controller. As
given in Fig. 1, the drive voltage vGS∗ presents as the drive
reference, the control input of the whole feedback control sys-
tem. Then the error between the drive reference and the gate
voltage passes through the controller, which is realized by the
transconductance gain of auxiliary MOSFET gm, and controls the
system’s plant. The plant comprises the input capacitance (Ciss)
and internal gate resistance (Rg) of the controlled SiC MOSFET.
For simplification, the analysis at this section treats the input
capacitance approximate linearly.

The disturbance denotes d(s), here in Fig. 1. The object of
the negative feedback control loop is to control the gate voltage

Fig. 1. Negative feedback control based on the transconductance gain in an
SiC MOSFET drive-semiconductor system.

Fig. 2. Negative feedback active gate drive (NFAGD).

vGS track the variation of drive reference vGS∗. In this way,
the feedback loop would attenuate the disturbance from the
complementary device of the phase-leg generated by the high
switching slew rate.

B. Structure of the Active Gate Drive Based on the Negative
Feedback Mechanism

The negative feedback diagram is given in Fig. 1. Based on
the negative feedback mechanism, the AGB composes, as shown
in Fig. 2. The output of a regular MOSFET drive integrated circuit
(IC) is connected to a network, constituted by the drive resistor
R and the auxiliary capacitor C. The output of the RC network
is also regarded as the drive reference vGS∗ and presents as the
drive reference. It then goes to the gate and source of controlled
SiC MOSFET through the auxiliary MOSFET. In this article, vGS

represents the gate voltage of SiC MOSFET measured from the
pins. For building the negative feedback, the controlled SiC
MOSFET and auxiliary MOSFET should have a complementary
channel characteristic. Usually, the controlled SiC MOSFET is
N-channel. Hence, the auxiliary MOSFET is P-channel. Hereafter,
this article denotes the controlled SiC MOSFET and the auxiliary
MOSFET as QN and QP. Hereafter, the drain–source voltage and
the drain current of QP would be represented as vDSP and iDP.

The RC network is responsible for tunning the speed of
switching. The SiC MOSFET gate voltage would follow the drive
reference vGS∗, owing to the negative feedback control. Hence,
the speed of gate voltage vGS is similar to that of the drive refer-
ence vGS∗. The proposed gate drive circuit can also be regarded
as a compensator. At the same time, it is the feedback control
that the compensators embedded to eliminate the steady-state
error, as well as to attenuate the disturbance.
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C. Mathematical Nature of NFAGD

The article makes two simplifications to explain the math-
ematical nature of NFAGD. First, the transconductance gain
of the auxiliary MOSFET QP is treated as a non-time-varying
constant gm. The reverse transconductance gain of the parasitic
body diode (the slope of the output characteristic curve) is also
expressed by gm. Second, the conducting threshold voltage of
the parasitic body diode of the auxiliary MOSFET QP is equal to
its forward conducting threshold voltage, and both are denoted
Vth.

The close-loop transfer function of the NFAGD can be derived
from the block diagram shown in Fig. 1, given as follows:

Φ(s) =
vGS(s)

vGS ∗ (s) =
G(s)

1 +G(s)
(1)

where G(s) is the open-loop transfer function of NFAGD, given
as follows:

G(s) = gm

(
1

sCiss
+Rg

)
=

gm
Ciss

sRgCiss + 1

s
. (2)

According to the system dynamic theory [37], the NFAGD
is a unity-feedback type 1 control system. The open-loop gain
is gm/Ciss. Static velocity error constant can be expressed as
follows:

Kv = lim
s→0

sG(s) =
gm
Ciss

. (3)

In general, the input capacitance of controlled SiC MOS-
FET (Ciss) is about several nano-farads. Simultaneously, the
transconductance gain of the auxiliary MOSFET (gm) is far larger
than 1 Siemens, therefore under the international system of units,
we can get gm >> Ciss, so the static velocity error constant Kv

is large enough. Therefore, when the gate voltage vGS tracks
the ramping drive reference vGS∗, the deviation between them
is small enough and does not affect the turn-ON and turn-OFF

of the controlled SiC MOSFET following the designer’s request.
Moreover, due to the large static velocity error constant Kv,
the suppression ratio of the disturbance d(s) is large enough
to attenuate the induced spikes and oscillations on gate voltage
vGS(s). Next, the working principle of the NFAGD based on
transconductance gain will be expressed by substage analysis
according to the theoretical waveform.

III. OPERATION PRINCIPLE OF THE NEGATIVE FEEDBACK

ACTIVE GATE DRIVE

Fig. 3 shows the phase-leg circuit with NFAGD as the devices’
driver. To facilitate the reader to understand the working princi-
ple, it demonstrates the controlled SiC MOSFETS (QH and QL)
with the junction capacitors, representing the devices’ dynamic
characteristics. The meaning of each symbol in Fig. 3 is similar
to that shown in Fig. 2. Only to distinguish upper and lower
devices, adding marks “1” and “2” respectively, or marks “L”
and “H.” R1 and R2 represent the drive resistor of the upper and
lower devices, respectively. C1 and C2 represent the auxiliary
capacitor of the upper and lower devices, respectively. QP1 and
QP2 represent the auxiliary MOSFET of the upper and lower
devices, respectively. As the active device in the phase-leg, QH

Fig. 3. NFAGD in a phase-leg configuration.

is turning ON and OFF under the control of signal S1. QL is the
nonactive device in the phase-leg, and its control signal S2 is
steady at a low level to keep the channel of QL turning OFF and
only its parasitic body diode is used for freewheeling.

The miller capacitance CgdH and CgdL of the controlled
SiC MOSFETS decrease with their drain voltage. This article
introduces the piecewise linearization curve to approximate
the actual curve for simplification. When the drain voltage is
larger than the gate voltage, the value of miller capacitance
is Cgd1. When the drain voltage is less than the gate voltage,
the value of miller capacitance is Cgd2. The output current at
the midpoint of the phase-leg is approximately constant during
the switching process and represented by IL. Fig. 4 shows the
theoretical waveforms of the proposed NFAGD. The turn-ON and
turn-OFF process of QH is given in Fig. 4(a) and (b), respectively.
Four substages correspond to each subfigure. As the auxiliary
MOSFETS operate under a low voltage range, usually smaller
than the drive voltage. Compared with the power SiC MOSFETS,
which have higher operating voltage, auxiliary MOSFETS have an
ephemeral dynamic. The dynamic of auxiliary MOSFETS have a
minor impact on the operation principle. Hence, the analysis
below ignores the influence of the dynamic parameters of aux-
iliary MOSFETS for better understanding. The auxiliary MOSFET

conductivity is nonlinear in practice. However, the nonlinearity
shows a minor impact on the proposed gate drive. In fact, the
auxiliary MOSFET has enough conductivity while conducting.
Hence, the gate voltage tracks its drive reference signal with-
out too large an error. For better understanding, the auxiliary
MOSFET conductivity is simplified. Once the auxiliary MOSFET

is turned ON, its ON-state resistance is treated as invariant; once
the parasitic body diode is turned ON, it remains at the forward
voltage.

A. Turn-ON Process of QH

Turn-ON substage 1: During the turn-ON delay time td(on).
Before t = 0 time point, S1 changes from a low level to a high
level. The driver IC charges C1 through R1. Hence, the drive
voltage v∗GS1 increases, gradually rising from VEE1 to VCC1.
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Fig. 4. Theoretical waveforms of the NFAGD. (a) QH turn-ON.
(b) QH turn-OFF.

At t = 0 time point, the drain–source voltage of the auxiliary
MOSFET vDSP1, equal to the error between vGS1∗ and vGS1,
is larger than the conducting threshold voltage of the parasitic
body diode of QP1. Hence, the parasitic body diode of QP1

turns ON. vDSP1 remains at the forward voltage of the parasitic
body diode of QP1. The forward voltage is small enough while
the parasitic body diode is turned ON. Hence, the gate voltage
vGS1 tracks its drive reference signal vGS1∗ without too large an
error, which coincides with the mathematical analysis in the last
section. The current of the auxiliary MOSFET iDP1 flows through
the parasitic body diode and the internal gate resistance RgH

to charge the input capacitance of QH. Because of the negative
feedback mechanism, the gate voltage vGS1 tracks vGS1∗ and
also increases gradually. It should be noticed that, as mentioned
above, the NFAGD system is a unity-feedback type 1 control
system. There is some error in the tracking of the ramping

drive reference vGS1∗ . The tracking error will not affect the
regular operation due to the large value of the static velocity
error constant. In this substage, since vGS1 is still less than the
threshold voltage VGS,th, the channel of QH is in the OFF-state,
iD1 = 0 can be got. VDS1 stands still at VDC, and this substage
ends when vGS1 reaches VGS,th.

Turn-ON substage 2: During the current rise time tri, VGS1

starts from the threshold voltage VGS,th, and rises to VGS,IL,
which indicates the value of vGS1 that can maintain channel
current at IL, i.e., the Miller plateau voltage. VDS1 stands still
at VDC. The current iD1 rises from 0 to IL. During this process,
due to the decrease of the passive device’s current iD2, the gate
voltage of QL vGS2 increases slightly but is not large enough to
trigger the conduction of QP2. The substage ends at the moment
when the current iD1 rises to IL.

Turn-ON substage 3: during the first voltage decrease time tfv1,
the gate voltage of QH (vGS1) still tracks vGS1∗ as the negative
feedback controls. Once the SiC MOSFET QH carries the full
load current IL, the gate voltage becomes temporarily clamped
at VGS,IL, which is the gate voltage needed to maintain channel
current to be load current IL. The entire gate charging current
equals the current of the auxiliary MOSFET iDP1 and is given by
the following:

iDP1 =
CgsH

C1 + CgsH
· VCC1 − VGS,IL

R1
. (4)

It flows through CgdH , and this causes the drain voltage vDS1

to drop at a rate

dvDS1

dt
=

dvDG1

dt
=

iDP1

CgdH
=

CgsH

CgdH
· VCC1 − VGS,IL

R1(C1 + CgsH)
. (5)

Recall that vGS1 = VGS,IL during this interval, so dvGS1/dt=
0. The decrease in vDS1 occurs in two distinct time intervals tfv1
and tfv2. In the first time interval, since the drain voltage is still
larger than the gate voltage, the value of CgdH is still relatively
small (Cgd1). Therefore, vDS1 falls at a relatively fast rate at this
stage. QL’s drain voltage (vDS2) rises rapidly, inducing QL’s
gate voltage (vGS2) to rise significantly. Due to the negative
feedback mechanism, when the electric potential of SP2 is higher
than that of DP2 and the electric potential difference exceeds the
threshold voltage Vth, leading to the conduct of QP2. Then,
the drive IC discharges the input capacitance of QL (CissL)
through the channel of QP2. Hence, the QL’s gate voltage vGS2

decreases, returning to VEE2 and the disturbance is suppressed.
This substage ends when vDS1 falls to a value equal to vGS1.

Turn-ON substage 4: During the second voltage decrease time
tfv2, the gate voltage vGS1 remains unchanged at VGS,IL, vDS1

continues to fall. Since the drain voltage is less than the gate
voltage, the value of CgdH is relatively large (Cgd2), and the
falling rate of vDS1 in this stage is relatively slow. This substage
ends when vDS1 descends to VDS(on).

Once vDS1 has completed its drop to the ON-state value
of VDS(on), the gate voltage vGS1 becomes unclamped and
continues its growth to VCC1, tracking its drive reference signal
vGS1∗ . Simultaneously the current iDP1 decays toward zero. Due
to the negative feedback mechanism, the error between vGS1∗

and vGS1 is getting smaller and vDP1 decays toward zero. The
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turn-ON process is finally completed when vGS1 rises to the bias
voltage VCC1.

B. Turn-OFF Process of QH

Turn-OFF substage 1: During the turn-OFF delay time td(off).
Before t = 0 time point, S1 changes from a high level to a low
level. The driver IC discharges C1 through R1. Hence, the drive
voltage vGS1∗ decreases, gradually falling from VCC1 to VEE1.
Because the gate of QP1 connects to its drain, the drain–source
voltage vDSP1 equals the error between vGS1∗ and vGS1. At t =
0 time point, the drain–source voltage of the auxiliary MOSFET

vDSP1 is smaller than its channel conducting threshold voltage.
Hence, the auxiliary MOSFET QP1 turns ON. Once turned ON,
the auxiliary MOSFET can be regarded as an invariant ON-state
resistance for simplification. The ON-state resistance is small
enough while the auxiliary MOSFET is turned ON. Hence, the gate
voltage vGS1 tracks its drive reference signal vGS1∗ without too
large an error, which coincides with the mathematical analysis
in the last section. The current of the auxiliary MOSFET iDP1

flows through its ON-state resistance, along with the internal
gate resistance of QH (RgH), to discharge the input capacitance
of QH. Because of the negative feedback mechanism, the gate
voltagevGS1 tracksvGS1∗ and also decreases gradually. It should
be noticed that, as mentioned above, the NFAGD system is a
unity-feedback type 1 control system. There is some error in
the tracking of the ramping drive reference vGS1∗ . The tracking
error will not affect the regular operation due to the large value
of the static velocity error constant. In this substage, since vGS1

is still larger than the threshold voltage VGS,th, the channel of
QH is in the ON-state, iD1 = IL can be got. VDS1 stands still at
VDS(on), and this substage ends when vGS1 reaches VGS,IL.

Turn-OFF substage 2: During the first voltage rise time trv1,
the gate voltage of QH (vGS1) still tracks vGS1∗ as the negative
feedback controls. Once the SiC MOSFET QH carries the full
load current IL, the gate voltage becomes temporarily clamped
at VGS,IL, which is the gate voltage needed to maintain channel
current to be load current IL. The entire gate discharging current
equals the current of the auxiliary MOSFET iDP1 and is given by
the following:

iDP1 =
CgsH

C1 + CgsH
· VEE1 − VGS,IL

R1
. (6)

It flows through CgdH , and this causes the drain voltage vDS1

to rise at a rate

dvDS1

dt
=

dvDG1

dt
=

iDP1

CgdH
=

CgsH

CgdH
· VEE1 − VGS,IL

R1(C1 + CgsH)
. (7)

Recall that vGS1 = VGS,IL during this interval, so dvGS1/dt=
0. The increase in vDS1 occurs in two distinct time intervals trv1
and trv2. In the first time interval, since the drain voltage is still
less than the gate voltage, the value of CgdH is still relatively
large (Cgd2). Therefore, vDS1 rises at a relatively slow rate at
this stage. This substage ends when vDS1 rises to a value equal
to vGS1.

Turn-OFF substage 3: During the second voltage rise time
trv2, the gate voltage vGS1 remains unchanged at VGS,IL, vDS1

continues to increase. Since the drain voltage is larger than the

gate voltage, the value of CgdH is relatively small (Cgd1), and
the rising rate of vDS1 in this stage is relatively fast. QL’s drain
voltage (vDS2) falls rapidly, inducing QL’s gate voltage (vGS2)
to fall significantly. Due to the negative feedback mechanism,
when the electric potential of DP2 is higher than that of SP2 and
the electric potential difference exceeds the threshold voltage of
the parasitic body diode of QP2. The drive IC charges the input
capacitance of QL (CissL) through the parasitic body diode of
QP2. Hence, the QL’s gate voltage vGS2 increases, returning
to VEE2 and the disturbance is suppressed. This substage ends
when vDS1 rises to a value equal to VDC.

Turn-OFF substage 4: During the current fall time tfi, due to the
negative feedback mechanism, the gate voltage vGS1 still falls
along with vGS1∗ , until vGS1 reaches VGS,th. In this substage,
vDS1 remains unchanged in VDC.

Once vDS1 has completed its rise to the input dc voltage VDC,
the gate voltage vGS1 becomes unclamped and continues its
decreasing to VEE1, tracking its drive reference signal vGS1∗ .
Simultaneously the current iDP1 reversely decays toward zero.
Due to the negative feedback mechanism, the error between
vGS1∗ and vGS1 is getting smaller and vDP1 also reversely
decays toward zero.

IV. PRINCIPLE OF DESIGN FOR THE NFAGD

To better understand the combined operation mechanism
based on negative feedback control in the drive-semiconductor
system, this article would also show the design principle of the
NFAGD.

A. Selection Principle for the Controlled SiC mosfet

When adopting the NFAGD, the controlled SiC MOSFET

should be determined according to the converters’ operation
condition, like the conventional semiconductor power device
driven by other circuits. In this article’s experiment, the 1200
V SiC MOSFET IMZ120R030M1H with high commercialization
degree in high power conditions is selected to demonstrate and
verify the technical feasibility of the proposed method.

B. Drive IC Selection and Peripheral Circuit Design
Principles

The proposed NFAGD has the effect of stabilizing the gate
voltage, attenuating the interference effects from the pulse volt-
age and pulse current. However, it does not eliminate the gate
instability problem once for all. Considering the low threshold
voltage of the controlled SiC MOSFET (approximately 2–4V), the
negative turn-OFF bias voltage is critical. While the turn-ON bias
voltage usually relates to the ON-state resistance, whose design
should refer to a typical suggestion from the datasheet. This
article recommends the turn-ON bias voltage VCC = 15–22 V
and turn-OFF bias voltage VEE = −5–0 V. Based on the above
considerations, the bias voltages VCC = 15 V and VEE = –5 V
are adopted in the subsequent design.

This article recommends that the drive IC’s isolation part has a
common mode transient immunity CMTI≥100 V/ns (within the
entire temperature range). The drive IC output current should
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be no less than (VCC-VEE)/Rg, where Rg is the internal gate
resistance of the controlled SiC MOSFET. For example, the se-
lected controlled SiC MOSFET (IMZ120R030M1H) internal gate
resistance Rg = 3 Ω, the bias voltages VCC = 15 V, and VEE

= –5 V is adopted, so drive IC output current should not be
less than 6.7 A, subsequent experiments use drive IC IXDN614,
which can provide an output current up to 14 A. 1EDI60H12AH
is connected in series with IXDN614 for isolation.

C. Selection Principle for the Auxiliary mosfet

To ensure control accuracy, the auxiliary MOSFET’s transcon-
ductance gain (gm) should be more significant than 1 Siemens.
Then, the threshold voltage (Vth) should be designed as small as
possible, further increasing the sensitivity of auxiliary MOSFET

when stabilizing the gate voltage against disturbance.
The auxiliary MOSFET bears a certain current and voltage

during the switching transients of the controlled SiC MOSFET.
Hence, the auxiliary MOSFET’s maximum current and voltage
should be designed according to the bias voltages VCC and
VEE. The maximum voltage and current of the auxiliary MOSFET

should be designed according to the bias voltages VCC and
VEE. We recommend that the maximum voltage be no less
than VCC-VEE. The maximum current should be no less than
(VCC-VEE)/Rg.

A huge stray inductance introduced by the auxiliary MOSFET

package should be avoided, as it would induce severe oscillation
on SiC MOSFET’s gate voltage. For example, PG-DSO-8 is
recommended be the package of the auxiliary MOSFET. Other
lead-less packages are also recommended, and there will be
more and more package types to choose from, following the
advance of the packaging technique.

Based on the above analysis, BSO201SP will be used as the
auxiliary MOSFET in the subsequent experiments of this article.
The maximum drain–source voltage is 20 (V), the sustained
maximum drain current is 14.9 (A), and the typical value of
transconductance gain is 71 (Siemens).

D. Design Principles for Auxiliary Capacitors and Drive
Resistors

The design of auxiliary capacitors and drive resistors is based
on the drive IC’s load capability and switching speed choice.

The drive resistance R has the responsibility for limiting the
output current of the driver IC. At the beginning of the switching
action, the drive IC charges or discharges the auxiliary capacitor
through the drive resistor, whose current reaches a peak valued
(VCC-VEE)/R. As the bias voltages VCC = 15 V and VEE = –5 V
are adopted in the subsequent design, the drive IC IXDN614 can
provide an output current up to 14 A. Hence, for the experimental
verification of this article, we choose drive resistance valued at
R = 1.65 Ω for the drive IC’s current limiting.

The auxiliary capacitor and drive resistor (refer to C and R in
Fig. 2) determine the rising and falling speed of drive reference
vGS∗ together. The product of auxiliary capacitance C and the
drive resistance R is the time constant τ = RC, a representative
parameter for determining switching speed.

Fig. 5. Experimental hardware picture.

As analyzed in the above sections, the static velocity error
constant is large enough. Therefore, the gate voltage vGS tracks
the ramping drive reference vGS∗with a deviation small enough.
Hence, the auxiliary capacitor and drive resistor also determine
the rising and falling speed of vGS together. The time constant
τ is inversely proportional to the rising and falling rate of gate
voltage vGS∗and vGS. A large value of time constant τ would
cause a slow rising and falling rate of gate voltage. Therefore, the
switching speed of controlled SiC MOSFET will also be relatively
slow. On the contrary, a small time constant τ would cause a
fast rising and falling gate voltage rate. Therefore, the switching
speed of controlled SiC MOSFET will also be relatively fast.

It should be noticed that, in industrial applications, the time
constant τ of NFAGD can be flexibly adjusted according to the
comprehensive requirements of efficiency, loss, electromagnetic
compatibility.

V. EXPERIMENTAL VERIFICATION

This section shows the experimental results to verify the
proposed NFAGD. It would provide the hardware parameters,
operation principle, and comparison experimental results.

A. Hardware Setup

Fig. 5 shows the hardware setup with the proposed NFAGD.
The phase-leg circuit experiment platform is built with the
proposed active gate drive, refer to Fig. 3. The newly added
components of the proposed gate drive, i.e., the auxiliary MOS-
FET, drive resistor, and the auxiliary capacitor, are limited to
a 10 ∗ 10 mm square area, which realized a straightforward
circuit configuration, and the drive circuit occupies not too much
extra PCB space. The proposed NFAGD provides a simple and
compact drive solution for end-users.
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TABLE I
DEVICE PARAMETERS OF PHASE-LEG CIRCUIT EXPERIMENT PLATFORM

The parameters of the experimental platform are shown in
Table I, which are obtained under the guidance of the design
process given in the last section.

The digital signal processor (DSP) control board controls the
active device QH with a double pulse signal and controls the pas-
sive device QL remains in the OFF-state. Voltage waveforms are
measured by the 100 MHz differential probe Yokogawa 700924.
The current waveforms are measured by the PEM CWT1 Ro-
gowski current waveform transducer, with a peak current slew
rate of 20 A/ns. It should be noticed that the bandwidth of the
measurement equipment is high enough to ensure an accurate
test of the operation principle and feasibility of the proposed gate
driver. Although some research papers recommend higher band-
width voltage probes and current measurement solutions, those
solutions do not meet the needs for testing at both the upper and
lower devices in this article. However, when it involves research
about the accurate value, we still recommend higher bandwidth
voltage and current probes, for example, the equipment in [4]
and [10].

B. Verification for Operation Principle

This part of the experiment would investigate the feasibility of
constructing a drive circuit based on negative feedback control.
The waveforms are measured under input dc voltage VDC = 800
V and output current IL = 25 A.

Fig. 6 shows the operation principle waveforms of the pro-
posed NFAGD. Two sets of auxiliary capacitances are given as
an example of tuning the switching time. The first one is drive
resistance R1 = R2 = 1.65 Ω and auxiliary capacitance C1 = C2

= 10 nF. The second one is drive resistance R1 = R2 = 1.65 Ω,
auxiliary capacitance C1 = C2 = 20 nF.

In Fig. 6(a), the time constant is τ = 16.5 ns. The gate
voltage vGS1 tracked its ramping drive reference vGS1∗ . The
deviation between them is small enough and does not affect the
turn-ON and turn-OFF of the controlled SiC MOSFET following
the designer’s request. The zoomed-in figures show a transient
time valued at about 50 ns, which coincides with the 3τ . In
Fig. 6(b), the auxiliary capacitance increased twice as large, the
time constant is τ = 33 ns. The gate voltage vGS1 still tracked
its ramping drive reference vGS1∗ with a small deviation. The
transient time valued at about 100 ns accordingly, about twice
the value in Fig. 6(a).

For further investigation, four sets of parameter cases are con-
sidered to measure the switching time. The measured switching
time is illustrated in Fig. 7. The time constant τ = RC is taken

Fig. 6. Experimental waveforms of the proposed NFAGD R1 = R2 = 1.65 Ω
and (a) C1 = C2 = 10 nF and (b) C1 = C2 = 20 nF.

as the horizontal axis, the drive resistance is kept at 1.65 Ω,
the auxiliary capacitance is chosen as C1 = C2 = 10, 14.7, 20,
24.7 nF, respectively, corresponding to time constant τ = 16.5,
24.3, 33, 40.8 ns. The vertical axis is the switching time, denoted
with each transient phase mentioned in the analysis above. As
the major parameters denote the switching speed, the delay time
and the voltage transient time are measured. td(on)+tri denotes
the delay period from the gate voltage starts to rise to the drain
voltage starts to fall significantly. tfv1 denotes the significantly
falling period of drain voltage. td(off)+trv1 denotes the delay
period from the gate voltage starts to fall to the drain voltage
starts to rise significantly. trv2 denotes the rise significantly
period of drain voltage. Fig. 7 shows that following the increase
of time constant, the switching time increases accordingly. The
larger the time constant, the longer the switching time.

As given in the last section, the drive resistance is designed
to limit the current of drive ICs. Moreover, the time constant
τ is designed to control the switching speed. The experimental
trend coincides with the design objective. When driving different
MOSFETS, the switching time would show different values, but
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Fig. 7. Measured switching time under different time constants (SiC MOSFET

IMZ120R030M1H at VDC = 800 V and IL = 25 A).

Fig. 8. Measured waveforms with different gate drives. (a) Conventional gate
drive. (b) Proposed NFAGD.

the trend shown in Fig. 7 would provide a reference for NFAGD
parameter design. In practice, the time constant τ of NFAGD can
be flexibly adjusted according to the comprehensive efficiency,
loss, and electromagnetic compatibility requirements.

Experimental waveforms of the proposed NFAGD in Figs. 6
and 7 verify that the negative feedback control loop, embedded
in the gate drive, controls the gate voltage track the variation
of the ramping drive reference. The deviation between them
is small enough. It does not affect the turn-ON and turn-OFF

of the controlled SiC MOSFET following the designer’s request.
Furthermore, the switching speed can flexibly change with the
designed time constant, which increases the degree of freedom
in application.

Fig. 8 is the experimental waveforms with different gate drives
under the same operating point, VDC = 800 V and IL = 25 A.

Fig. 8(a) is the waveforms of the SiC MOSFET driven by the
conventional gate drive circuit with only a drive resistor, while
Fig. 8(b) is the waveforms under the proposed NFAGD. CH1
is the gate voltage of QH, CH2 is the drain voltage of QH, and
CH3 is the drain current of QH. For better comparison, the drive
parameters of both drive circuits are chosen to have a similar
value of voltage slew rate, see to the waveforms of vDS1. Both
Fig. 8(a) and (b) show a similar pulse waveform in the gate
voltage vGS1. Waveforms in Fig. 8 also show that choosing an
auxiliary MOSFET with a small value of package stray inductance,
such as the PG-DSO-8 package in this experiment, the auxiliary
MOSFET will not induce severe oscillation on the gate voltage.

Further investigation into the details can reveal that vGS1 in
Fig. 8(b) shows a less disturbing noise than vGS1 in (a), during
the rising and falling edges. This is owing to the proposed
gate drive circuit, which can be regarded as a compensator,
whose feedback control can attenuate the disturbance from the
switching action. The experimental results in Fig. 8 coincide
with the theoretical analysis in Section II.

Fig. 9 gives the accurate waveforms of controlled SiC MOS-
FET with the zoomed-in figures beneath the main figure. The
simulation is carried out with the Allegro PSpice System De-
signer, which utilizes accurate internal models, hence taking full
consideration for the parasitic parameters such as the parasitic
capacitance of MOSFETS. The simulation and the experiment
have the same operating point (VDC = 800 V and IL = 25 A)
and the same time constant τ , thus having similar switching
conditions for better comparison.

The accurate waveform of the controlled SiC MOSFET is de-
noted as vGS1 in Fig. 9. The simulation and experimental wave-
forms of iD1, vGS1 and vDS1 are given in Fig. 9(a) and (b). In
the turn-ON process, vGS1 increased following the operation rule
of NFAGD given in Section III. After vGS1 increased above the
threshold voltage of the controlled SiC MOSFET, iD1 increased
from zero to IL, vDS1 decreased from VDC to ON-state value.
In the turn-off process, vGS1 decreased following the operation
of NFAGD. After vGS1 decreased beneath the threshold voltage
of the controlled SiC MOSFET, iD1 decreased from IL to zero,
vDS1 increased from ON-state value to VDC. The experimental
waveforms of iD1, vGS1 and vDS1 in Fig. 9(b) coincide with
their simulation counterparts in Fig. 9(a).

The simulation and experimental waveforms of iDP1, vGS1

and vDSP1 are given in Fig. 9(c) and (d). In the turn-ON process,
the parasitic body diode of auxiliary MOSFET turns ON. vDSP1

remains at the forward voltage of the parasitic body diode of the
auxiliary MOSFET. The forward voltage is small enough while the
parasitic body diode is turned ON. The current of the auxiliary
MOSFET iDP1 flows through the parasitic body diode and the
internal gate resistance to charge the input capacitance of the
controlled SiC MOSFET. Gate voltage vGS1 gradually rises from
VEE1 to VCC1, following the operation rule of NFAGD given
in Section III. In the turn-OFF process, once the drain–source
voltage of the auxiliary MOSFET vDSP1 is smaller than its chan-
nel conducting threshold voltage, the auxiliary MOSFET turns
ON. Once turned ON, the auxiliary MOSFET can be regarded as
an invariant ON-state resistance for simplification. The ON-state
resistance is small enough while the auxiliary MOSFET is turned
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Fig. 9. Accurate waveforms of the controlled SiC MOSFET. (a) Simulation results of iD1 vGS1 vDS1. (b) Experimental results of iD1 vGS1 vDS1. (c) Simulation
results of iDP1 vGS1 vDSP1. (d) Experimental results of iDP1 vGS1 vDSP1.

ON. The current of the auxiliary MOSFET iDP1 flows through its
ON-state resistance, along with the internal gate resistance to dis-
charge the input capacitance of the controlled SiC MOSFET. Gate
voltage vGS1 gradually falls from VCC1 to VEE1, following the
operation rule of NFAGD given in Section III. The experimental
waveforms of iDP1, vGS1 and vDSP1 in Fig. 9(d) coincide with
their simulation counterparts in Fig. 9(c).

The simulation and experimental waveforms in Fig. 9 show
that the experiment results coincide with the simulation results.
In Fig. 9, it should be noticed that vGS1 has a smooth transient
waveform without great oscillation during the switching pro-
cesses. The parasitic capacitance introduced by auxiliary MOS-
FET in the drive circuit will not cause great oscillations, which
can be observed from both the simulation and the experiment
results, especially the zoomed-in waveforms. Although the aux-
iliary MOSFET has parasitic capacitance, the parasitic capacitance
does not cause great oscillations. Both the simulation and the
experimental results are shown that justify the feasibility of the
proposed gate drive.

C. Comparison With Conventional Drive Strategies

Gate drives with different strategies of crosstalk suppression
are taken into comparison for further investigation. The same

SiC MOSFET with different gate drives operated under the same
operating point, VDC = 800 V and IL = 25 A. The turn-ON and
turn-OFF bias voltage remain unchanged, see Table I.

Case 1: Without Suppression (WOS). Fig. 10(a) shows the
circuit schematic diagram of this drive. The gate drive with
larger and smaller drive resistances are considered, where
the drive resistance is R1 = R2 = 10 Ω and R1 = R2 =
6.7 Ω, respectively. The gate drivers for QH and QL are
conventional circuits with drive resistors R1 and R2. The drive
circuit embedded no specific auxiliary circuit for crosstalk
suppression. The experimental results of case 1 are given in
Fig. 10.

Fig. 10(b) shows the waveforms when the drive resistance is
R1 = R2 = 10 Ω. CH1 is the gate voltage of QL, CH3 is the
drain current of QH, CH4 is the drain voltage of QL. The gate
voltage of QL shows obvious oscillation during the turning-ON

and turning-OFF of QH. The induced gate voltage reached about
10 V higher than the turn-OFF bias voltage and about 10 V lower
than the turn-OFF bias voltage. Hence, the peak-to-peak induced
gate voltage is as large as 20 V. The zoomed-in waveforms of
Fig. 10(b) show that during the rising edge of the QL drain
voltage, its drain voltage rose from 10% to 90% of the operation
dc voltage in 15.2n s, which corresponds to a 42.1V /ns slew



SHAO et al.: ACTIVE GATE DRIVE BASED ON NEGATIVE FEEDBACK MECHANISM 6749

Fig. 10. Experimental results of case 1. (a) Circuit schematic diagram.
(b) Waveforms with larger drive resistance. (c) Waveforms with smaller drive
resistance.

rate. A high-frequency oscillation mixes with the rising edge,
during the falling edge of the QL drain voltage. Its drain voltage
fell from 90% to 10% of the operation dc voltage in 12 ns,
corresponding to a 53.3 V/ns slew rate.

Fig. 10(c) shows the waveforms when the drive resistance is
R1 = R2 = 6.7 Ω. The gate voltage of QL also shows obvious
oscillation during the turning-ON and turning-OFF of QH. The

Fig. 11. Experimental results of case 2. (a) Circuit schematic diagram.
(b) Waveforms during a switching period.

induced gate voltage reached about 12.8 V higher than the
turn-OFF bias voltage and about 12.8 V lower than the turn-OFF

bias voltage. Hence, the peak-to-peak induced gate voltage is as
large as 25.6 V. The zoomed-in waveforms of Fig. 10(c) show
that during the rising edge of the QL drain voltage, its drain
voltage has a 40.5 V/ns slew rate. During the falling edge, its
drain voltage has a 74.3 V/ns slew rate. If a small value of drive
resistors is used, although its switching loss is decreased, the
induced gate voltage would be increased.

The waveforms in Fig. 10 indicate that, following the high
switching speed, obviously induced gate voltage occurred on
the nonactive device QL. Crosstalk suppression should be em-
bedded into the gate drive circuit to avoid potential performance
degradation and even device failure under this circumstance.

Case 2: Passive Suppression (PS). Fig. 11(a) shows the circuit
schematic diagram of this drive. It is one of the common
methods to suppress induced gate voltage, featured using
passive components in the auxiliary circuit. The auxiliary
capacitor is parallel connected between the gate and source of
the SiC MOSFET. For obtaining a relatively small value of the
induced voltage on the gate voltage of QL, the drive resistance
remains R1 = R2 = 10 Ω and the auxiliary capacitance is set
to be Ca1 = Ca2 = 2 nF by the try and error tests, which
has a balanced character between crosstalk suppression and
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Fig. 12. Experimental results of case 3. (a) Circuit schematic diagram.
(b) Waveforms during a switching period.

switching speed. The experimental waveforms of case 2 are
given in Fig. 11(b).

In Fig. 11(b), the gate voltage of QL shows decreased oscilla-
tion during the turning-ON and turning-OFF of QH. However, the
induced gate voltage is still apparent and reached about 7.6 V
higher than the turn-OFF bias voltage and about 10.4 V lower than
the turn-OFF bias voltage. Hence, the peak-to-peak induced gate
voltage is 18 V, 10% lower than case 1 with the same value of
drive resistance. The zoomed-in waveforms of Fig. 11(b) show
that during the rising edge of the QL drain voltage, its drain
voltage rose from 10% to 90% of the operation dc voltage in 13.8
ns, corresponding to a 46.4 V/ns slew rate. During the falling
edge of the QL drain voltage, its drain voltage fell from 90% to
10% of the dc voltage in 18 ns, corresponding to a 35.6 V/ns slew
rate. The rising and falling transients of drain voltage consume
about 31.8 ns, 13.6% longer than case 1 with the same value of
drive resistance.

The waveforms in Fig. 11 indicate that in case 2, compared
with case 1 with the same value of drive resistance, the passive
suppression method decreased the induced gate voltage that
occurred on the nonactive device QL. However, the transient
time is increased accordingly.

Case 3: Active Miller Clamp (AMC). Fig. 12(a) shows the circuit
schematic diagram of this drive. AMC is one of the typical

active crosstalk suppression techniques. In the experiment,
the driver IC 1ED3491M provides both the drive voltage and
the additional CLAMPDRV signal. When the SiC MOSFET is
turned OFF, the drive IC also turns ON the auxiliary transistor
QN1 and QN2. Those auxiliary transistors locate between the
gate and source, which form a low impedance path shorting
the gate to the negative bias, thus shunting the dv/dt induced
Miller current and suppressing the consequent voltage spikes
on the gate. For simplification, Fig. 12(a) shows the cir-
cuit schematic diagram of AMC with two separate voltages
sources, one for the drive voltage and the other for CLAMP-
DRV. In this experiment, we tuned drive resistors R1 and R2

valued with 2.35 Ω (two 4.7 Ω resistors connected in parallel)
to provide a suitable switching transient for comparison. The
experimental results of case 3 are given in Fig. 12(b).

In Fig. 12(b), the gate voltage of QL shows a decreased
induced gate voltage during the turning-ON and turning-OFF

of QH. The induced gate voltage reached about 8.1 V higher
than the turn-OFF bias voltage and about 8 V lower than the
turn-OFF bias voltage. Hence, the peak-to-peak induced gate
voltage is 16.1 V, about 20% lower than that of case 1. However,
the gate voltage has obvious high-frequency oscillation. During
the rising edge of the QL drain voltage, its drain voltage rose
from 10% to 90% of the operation dc voltage in 16.6 ns, which
corresponds to a 35.6 V/ns slew rate. During the falling edge
of the QL drain voltage, its drain voltage fell from 90% to 10%
of the operation dc voltage in 9 ns, which corresponds to a 71
V/ns slew rate. The rising and falling transients of drain voltage
consume about 25.6 ns.

The waveforms in Fig. 12 indicate that, in case 3, the AMC
method further decreased the induced gate voltage. In the mean-
time, the transient time is also decreased accordingly. However,
due to the high switching speed, some high-frequency oscilla-
tions are visible in practical situations, which coincide with [11]
and [25].

Case 4: is the proposed NFAGD. Two sets of time constant are
considered. Fig. 13(a) is the waveform with a smaller time
constant, valued τ = 16.5 ns. The drive resistance R1 = R2 =
1.65 Ω and auxiliary capacitance C1 = C2 = 10 nF. Fig. 13(b)
is the waveforms with a larger time constant, valued τ = 33
ns. The drive resistance R1 = R2 = 1.65 Ω and auxiliary
capacitance C1 = C2 = 20 nF.

In Fig. 13(a), the gate voltage of QL shows a dramatically de-
creased induced gate voltage during the turning-ON and turning-
OFF of QH. The induced gate voltage reached about 3.2 V higher
than the turn-OFF bias voltage and about 4.4 V lower than the
turn-OFF bias voltage. Hence, the peak-to-peak induced gate
voltage is 7.6 V. The percentage of suppression is larger than
case 2 (10%) and case 3 (20%). The gate voltage high-frequency
oscillation is also suppressed. During the rising edge of the QL

drain voltage. Its drain voltage rose from 10% to 90% of the
operation dc voltage in 14.8 ns, corresponding to a 43.2 V/ns
slew rate. During the falling edge of the QL drain voltage. Its
drain voltage fell from 90% to 10% of the operation dc voltage
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Fig. 13. Experimental results of case 4 the proposed NFAGD. (a) Waveforms
with a smaller time constant. (b) Waveforms with a larger time constant.
(c) Under high temperature @125 °C.

in 8.6 ns, corresponding to a 74.4 V/ns slew rate. The rising and
falling transients of drain voltage consume about 23.4 ns.

The waveforms in Fig. 13(a) indicate that the proposed
NFAGD method dramatically decreased the induced gate volt-
age, as well as the high-frequency oscillation. In the meantime,
the transient time is also dramatically decreased.

In Fig. 13(b), the gate voltage of QL shows a dramatically de-
creased induced gate voltage during the turning-ON and turning-
OFF of QH. The induced gate voltage reached about 2.8 V higher
than the turn-OFF bias voltage and about 3.6 V lower than the
turn-OFF bias voltage. Hence, the peak-to-peak induced gate
voltage is 6.4 V. The percentage of suppression is similar to
NFAGD with a smaller time constant (62%). During the rising
edge of the QL drain voltage, its drain voltage rose from 10%
to 90% of the operation dc voltage in 15.4 ns, corresponding to
a 41.5 V/ns slew rate. During the falling edge of the QL drain
voltage, its drain voltage fell from 90% to 10% of the operation
dc voltage in 11.8 ns, corresponding to a 54.2 V/ns slew rate.
The rising and falling transients of drain voltage consume about
27.2 ns, similar to case 1 with a larger value of drive resistance.
The drain voltage shows smooth transient waveforms without
additional oscillation.

The above waveforms in Fig. 13(a) and (b) are obtained at
room temperature. In Fig. 13(c), the proposed NFAGD exper-
imental platform is heating up to operate under high tempera-
tures. The time constant is the same as Fig. 13(a), with a smaller
time constant valued τ = 16.5 ns. During the rising edge, the
drain voltage slew rate is 53.3 V/ns, while during the falling edge,
the drain voltage slew rate is 80.0 V/ns. At high temperatures, the
slew rate is larger than in Fig. 13(a), mainly because increasing
the junction temperature will lead to a long carrier lifetime,
resulting in a fast switching speed [38]. The faster switching
speed enlarged the induced gate voltage. It reached about 5.1 V
higher than the turn-OFF bias voltage and about 4.5 V lower than
the turn-OFF bias voltage. Hence, the peak-to-peak induced gate
voltage is 9.6 V. At high temperatures, the induced gate voltage
is still smaller than 10 V and smaller than case 3. The proposed
NFAGD can operate at a reasonably high temperature.

The waveforms in Fig. 13 indicate that the proposed NFAGD
with a larger time constant dramatically decreased the induced
gate voltage, as well as the high-frequency oscillation. The
suppression percentage is similar to NFAGD with a smaller time
constant. The changing of the time constant has a minor impact
on the crosstalk suppression performance. In the meantime,
the transient drain voltage waveform has a much smoother
performance without obvious high-frequency oscillation. With
a smaller time constant, the NFAGD in case 4 shows good
crosstalk suppression and high switching speed. However, in
some circumstances, it should avoid strong electromagnetic
interference by high-speed drain voltage, with a larger time con-
stant to show the excellent crosstalk suppression performance
and the flexible switching transients.

D. Summary and Discussion

The above comparison shows the waveforms under a fixed
load current IL = 25 A, which is about 44.6% of the maximum
rating drain current of SiC MOSFET IMZ120R030M1H (56 A)
and is a typical operating current when using this type. Fig. 14
shows further investigation results considering the varying load
current IL, from 17.9% to 44.6% rating.

Fig. 14(a) is the induced peak–peak gate voltage under dif-
ferent load current IL. The induced peak–peak gate voltage
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Fig. 14. Characteristics under different load current IL. (a) Induced peak–peak
gate voltage. (b) Total switching loss.

Vpp is the differential between the maximum value and the
minimum value of vGS2. The data in Fig. 14(a) is collected
by reading the waveform from the oscilloscope. From light
load to heavy load, case 1 with 6.7 Ω drive resistance has the
largest induced gate voltage. Case 1 with 10 Ω drive resistance
has a smaller value of induced gate voltage, but it is still
relatively large. Case 2 using the passive suppression method
can slightly decrease the induced gate voltage, but the induced
peak–peak gate voltage is still far larger than 10 V. Case 3 using
the AMC technique has a decreased induced peak–peak gate
voltage to around 10 V. However, following the load current
increase, the induced gate voltage occurs an obvious increase
showing a weakened crosstalk suppression performance. Using
the proposed NFAGD, both using a smaller time constant τ and
larger time constant τ , obtain an obvious decreased induced
gate voltage, far smaller than 10 V over the light load and the
heavy load. It provides a robust crosstalk suppression against
the varying operating current.

Fig. 14(b) is the total switching loss under different load
current IL. The total switching loss is obtained by calculat-
ing the area of overlapping waveforms of QH drain voltage
and drain current during the turn-ON and turn-OFF processes.
Compared with case 1 with 10 Ω drive resistance, which has no
specific crosstalk suppression, but has a relatively smaller value
of induced gate voltage, NFAGD (τ = 33 ns) and the driver
with passive suppression (case 2) have an increased switching
loss over the light and heavy load current. Meanwhile, NFAGD
(τ = 16.5 ns) and the driver with AMC (case 3) have a decreased
switching loss over the light and heavy load current. Although

TABLE II
PER-UNITED EXPERIMENTAL SWITCHING PERFORMANCE RESULTS WITH

DIFFERENT GATE DRIVES

Fig. 15. Switching performance of different gate drives.

case 1 with 6.7 Ω drive resistance also has a similar switching
loss performance with NFAGD (τ =16.5 ns) under different load
current IL, the proposed NFAGD has a superior performance in
balancing induced gate voltage and switching loss. Compared
to conventional gate drives, the proposed drive can suppress the
crosstalk without influencing the switching speed, thus enables
coordinated optimization of gate voltage stability and switching
behavior.

Table II summarized the experimental results about the
switching performance of different gate drives. Under the typical
test point VDC = 800 V and IL = 25 A, four aspects are con-
sidered, i.e., induced peak–peak gate voltage, current transient,
voltage transient, and switching loss. The induced peak–peak
gate voltage Vpp is the differential between the maximum value
and the minimum value of vGS2. The current transient time ti is
the sum of drain current rising time and falling time. The voltage
transient time tv is the sum of drain voltage rising time and
falling time. The total switching loss is obtained by calculating
the area of overlapping waveforms of drain voltage and drain
current during the turn-ON and turn-OFF processes. In the table,
the denoted data is the per-unit value based on case 4 NFAGD
(τ = 16.5 ns).

Fig. 15 illustrates the radar map of switching performance
data in Table II. For the induced peak–peak gate voltage Vpp,
NFAGD with different time constant has a similar value of Vpp.
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The proposed NFAGD only has about 30% of case 1 with 10 Ω
drive resistance, which is also far smaller than case 2 and case 3.
The changing of the time constant in parameter design does not
affect the final crosstalk suppression performance. Hence, the
proposed NFAGD provides a robust drive solution with crosstalk
suppression for end-users.

NFAGD (τ = 16.5 ns) has the shortest tv and the shortest
ti, about 50% of the longest tv and about 70% of the longest
ti. Although when τ = 33 ns NFAGD shows a longer transient
time, it is still shorter than the conventional crosstalk passive
suppression method in case 2, about 20% shorter. Owing to
a relatively short switching transient, NFAGD (τ = 16.5 ns)
obtains the smallest switching loss, only about 60% of the largest
loss. It gets a 20% decrease from the switching loss of case 1 with
10 Ω drive resistance, which is the common gate drive without
any embedded crosstalk suppression auxiliary circuit.

Compared to the conventional gate drives (WOS, PS, AMC),
the overall switching performance has been improved using the
proposed NFAGD. It has the minimized induced gate voltage and
provides a robust crosstalk suppression with flexibility, obtains
the shortest voltage transient and the shortest current transient,
and minimized switching loss. The proposed NFAGD can sup-
press the induced gate voltage in fast switching SiC MOSFET. The
time constant τ of NFAGD can be flexibly adjusted according to
the comprehensive requirements of efficiency, loss, electromag-
netic compatibility. The smaller value of τ is suggested when
using in a condition with a high power density and cares conver-
sion efficiency. The larger value of τ is suggested when using a
condition with high switching frequency and high requirements
for electromagnetic capability. The proposed NFAGD enables
coordinated optimization of gate voltage stability and switching
behavior.

VI. CONCLUSION

Base on the negative feedback control mechanism, an NFAGD
employing one auxiliary P-channel MOSFET and one auxiliary
capacitor together with the drive resistor is proposed for fast
switching and crosstalk suppression. The object of the NFAGD
is to control the gate voltage track the variation of drive reference
with a feedback control loop. Thus, the feedback mechanism
would attenuate the disturbance, decrease the induced gate volt-
age. The test results with commercial 1200 V SiC MOSFETS

verify that the negative feedback control loop controls the gate
voltage to track the drive reference. The deviation between them
is small enough, does not affect the turn-ON and turn-OFF of
the controlled SiC MOSFET. The switching speed can flexibly
change with the designed time constant, which increases the
degree of freedom in application. Compared to the conventional
gate drives (WOS, PS, AMC), the overall switching performance
has been improved using the proposed NFAGD. Under the
tested operating point, the proposed NFAGD minimizes induced
gate voltage and provides a robust crosstalk suppression with
flexibility. It obtains the shortest voltage transient and the short-
est current transient, and the minimized switching loss. Thus,
the proposed NFAGD enables coordinated optimization of gate
voltage stability and switching behavior.
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