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Analysis and Mitigation Methods of Gate Oscillation
in Paralleled 10 kV S1C MOSFETs
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Abstract—Gate oscillations exist in paralleled SiC MOSFETs,
which can cause false switching behavior and device damage. This
article investigates gate oscillations in paralleled 10 kV SiC MOs-
FETSs as it is currently one of the bottlenecks for paralleling. During
the switching transient, the paralleled SiC MOSFETs operate in their
saturation region, where a closed-loop feedback system is formed
between the MOSFET transconductance and the parasitic distribu-
tions in the circuit. The instability of the closed-loop feedback sys-
tem is key in describing the gate oscillation mechanism. Therefore,
a small signal circuit model of two parallel 10 kV SiC MOSFETs
is used to analyze this mechanism, which takes into account both
the parasitic inductances and capacitances of the MOSFET, power
module, and external connections to predict the impact of different
parasitic parameters. From the circuit model, four methods are
proposed to mitigate the gate oscillations. Finally, experiments are
conducted in a double pulse test platform at 6 kV/20 A, showing a
good prediction of the gate oscillations and significant damping by
the proposed methods.

Index Terms—10 kV SiC MOSFETs, double pulse testing, gate
oscillation, medium voltage (MV), paralleling power module.

1. INTRODUCTION

HE 10 kV silicon-carbide (SiC) MOSFETs have matured
T significantly in recent years due to technological advance-
ments in the wide-band-gap (WBG) technology led by industry
and academia [1], [2], [3]. A distinct advantage of the 10 kV
SiC MOSFETs is their ability to enable simple two-level converter
topology in medium voltage (MV) applications [4], which gains
the benefits of less power loss [5] and lower system volume [6],
[7]. To meet the demand of increasing the current/power rating
of power converters, there exist three typical design options for
paralleling on the converter level [8], power-module level [9],
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Fig. 1. Schematic of two MOSFETSs connected in parallel.

and chip level [10]. Paralleling on each of these hierarchical
levels presents individual challenges and opportunities. Parallel-
ing on the converter level introduces additional balance control
among converters, while the chip level requires customized
power module design and manufacturing processes [11]. There-
fore, paralleling on the power-module level attracts significant
attention from engineers due to simple implementation.

A conceptual diagram of a parallel connection of two MOSFETS
is depicted in Fig. 1, where the drain, gate, and source are
connected, respectively. Parasitic inductances from the drain,
source, and gate connections are unavoidable and intrinsic, but
their values depend on the design. Switching oscillations can
occur in both silicon (Si) and WBG devices. These oscillations
fall into two main types. The first type results from a resonance
between the circuit’s parasitic inductance and the device’s intrin-
sic capacitance [12], leading to voltage and current overshoots or
undershoots [13], [14], namely LC oscillation [15]. The second
type is caused by parasitic resonance, where a feedback loop
forms between the device and the circuit’s parasitic compo-
nents, namely self-sustain oscillation [16]. Even more severely
is the fact that MOSFETs are subject to immediate failure if
the maximum gate oxide layer voltage capability is exceeded.
Given the fact that there is only a small margin in terms of
gate-source voltage between normal operating conditions and
a fault scenario, the current study analyses voltage oscillations
in the gate circuitry for the special case of parallel-connected
SiC MOSFETs. Associated with the circuit elements described
above, the fact that MOSFETSs behave as linear amplifier when it is
operating in the saturation region should be taken into account as
well [17]. In particular, a feedback loop exists. The gate voltage
affects the drain current which in turn couples back to the gate
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voltage depending on the parasitic parameters in the loop. In
contrary to the LC-type oscillations, the self-sustain oscillation
rooted in the nonzero gain due to SiC MOSFETS transconductance
during the saturation region can grow rapidly without bounds
if this feedback loop is unstable [18]. Clearly, this is highly
undesirable, as reported in [19] and [20]. Therefore, it is essential
to understand how the oscillation develops in parallel devices to
mitigate these risks.

So far, several analytical models, which include the parasitic
parameters of the circuit, have been proposed to investigate the
oscillations in paralleling different power devices. A full model
is built using Technology Computer Aided Design (TCAD) tools
to analyze the oscillation phenomena in the s domain [21].
However, the computation load is heavy [22], which makes
it difficult to investigate how the parameters correlate to the
oscillation [23]. A full model of a multiport network is built
for analysis of the forced oscillation in multichip IGBT power
modules [24], which lacks the flexibility for investigating the
impacts of parasitic parameters on the system stability. The gate
oscillation among paralleled SiC MOSFETs contains two different
modes, one being the common-mode (CM) gate oscillation,
caused by the coupling between the gate signal and the drain
signal, and the other type being the differential-mode (DM) gate
oscillation [22], [25]. In addition, the DM gate oscillation is more
pronounced compared with the CM gate oscillation [26]. The
most severe oscillation is DM oscillation on the gate-source sig-
nal, of which the phase between two devices is 180° shifted [27].
This oscillation appears in gate-source, drain-source voltage and
drain current. Its amplitude increases during the Miller plateau
commuting between two paralleled SiC MOSFETs, results in extra
voltage stress and overheating of the switching device [20].
Thus, it is essential to investigate and mitigate the DM gate
oscillation in paralleled SiC MOSFETs.

A simplified model is proposed for the DM circuit assuming
all dies placed closely on a direct bonded copper (DBC) in a
power module can be simplified as a single switch with full
parasitic inductance circuit model, which studies the low-voltage
SiC MOSFETs [28]. In comparison to low-voltage applications,
it has been reported that the parasitic capacitance, rather than
parasitic inductance, is the primary cause due to capacitive
current of Cdv/dr and extra switching loss of %C’ V2 per switch-
ing cycle [29]. In addition, there are higher insulation require-
ments in MV applications with larger clearance and creepage
distances [30]. Thus, the significance of parasitic parameters
is different among MV and low-voltage power modules. Until
now, the parasitic parameters on gate oscillation in MV power
modules have not been fully explored in the existing literature.

To fill the research gap, the major contributions of the article
are as follows.

1) Based on the small signal model derived from the half-
circuit assumption, the parasitic capacitance is first con-
sidered, along with parasitic inductance in the paralleled
10 kV SiC MOSFETS.

2) The DM oscillations in paralleled 10 kV SiC MOSFETS
are analyzed in depth for the first time with experimental
verification provided.
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Fig. 2. Simplified schematic of low-side double pulse test for two parallel
power modules.

3) Four methods are proposed to mitigate gate oscillations in
paralleled 10 kV SiC MOSFETs. Additionally, the trade-
offs among these mitigation methods are comprehen-
sively analyzed and validated. Furthermore, the unique-
ness of the proposed solutions for 10 kV SiC MOSFETS is
highlighted.

The rest of this article is organized as follows. The problem
formulation is presented in Section II. Section III presents a
comprehensive overview of the parasitic elements in power
modules, which is used to derive a simplified DM circuit and
a small signal model. Section IV analyzes the influence of the
parasitic elements in the circuit on the system stability. There-
fore, different practical methods for mitigating the oscillation are
proposed. In Section V, a double pulse test setup is built to test
the MV power module based on 10 kV SiC MOSFETs and verify
the theoretical analysis from Section III. Finally, Section VI
concludes this article.

II. PROBLEM FORMULATION

This article investigates gate oscillations in the paralleling
of two single-chip power modules, which are populated with
300 mS2 10 kV SiC MOSFET dies without antiparallel junction
barrier Schottky diodes [31]. Hence, to investigate the gate
oscillation mechanism and showcase the theoretical analysis
in practice, the DPT is conducted according to the simpli-
fied schematic in Fig. 2. The implementation is different from
paralleling modules using individual gate drivers [32] as the
gate-source connections of the low-side and high-side switches
are directly connected, such that only a single gate driver is
required to drive both 10 kV SiC MOSFETs.

The turn-ON switching waveforms during a low-side DPT are
shown in Fig. 3. The presence of gate oscillations during the
Miller plateau is apparent. The amplitude of the gate oscillation
is increasing. The oscillation also exists in drain-source voltage
and is increasing in sync with the gate oscillation. This indicates
that the oscillation is amplified in the Miller plateau, where SiC
MOSFETs function as an amplifier. After the Miller plateau, the
gate oscillations disappear as the 10 kV SiC MOSFETs do not
operate in their saturation region.
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Fig. 3. Experimental waveforms of oscillations during a turn-ON switching
event at 6000 V DC-link voltage and 20 A load current (detailed description will
be conducted in Section V).
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Fig. 4. Small signal model of MOSFET [17].

During the saturation region, the small signal model of the
MOSFET is shown in Fig. 4. The intrinsic parameters of the MOS-
FET are the gate-source capacitance Cly, gate-drain capacitance
Clyq, and drain-source capacitance Cgy,. In addition, the output
resistor rq is included. The drain current 74 is a gate-source
voltage vgs controlled current source following:

iq = GmUgs (D

where gy, is the MOSFET small-signal transconductance. The
gate oscillation is caused by the MOSFET intrinsic parameters
in combination with the parasitic parameters of the circuit [28].
To reveal the gate oscillation mechanism, an analytical model of
the gate oscillation will be conducted in the subsequent section.

III. CIRCUIT MODEL OF PARALLELED MEDIUM VOLTAGE
POWER MODULES

According to Fig. 2, two single-chip power modules based on
10 kV SiC MOSFETs are paralleled in practice.

A. Circuit Modeling of Parasitic Parameters

Different from the capacitance modeling for power modules
in [33], the parasitic inductance needs to be included in the
analytical model for the paralleled two low-side SiC MOSFETS.
Fig. 5(a) illustrates the parasitic inductance and capacitance in
a physical power module layout. The terminal “DC+”, “OUT,”
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and “DC-", the connection trace, and bonding wires belong to
the power loop. The gate loop is formed by the “Gate” and
“Source” terminals and the connection trace to the MOSFET.
Parasitic inductance on the drain inside the power module is
considered from the bottom plane of the 10 kV SiC MOSFET
along with the trace on DBC to the “OUT” terminal. The power
loop source inductance is regarded from the bonding wire, trace
on DBC, and “DC-" terminal. Similarly, in the gate loop, as the
Kelvin-source connection is utilized, the parasitic inductance
on the gate and source in the power module both consist of
the bonding wire, trace on DBC, and terminal. The parasitic
capacitance is introduced by the layout plane and the base
plate. Therefore, the physical power module in Fig. 5(a) can
be modeled into Fig. 5(b).

The parasitic capacitance C,q in Fig. 5(b) is the lumped
parasitic capacitance between the DBC copper layout connected
with the low-side MOSFET drain and the baseplate as Fig. 5(a)
depicts. Similarly, C,qps exists between the DBC copper layout
connected with the high-side MOSFET drain and the baseplate.
Cy is the lumped parasitic capacitance between the DBC copper
layout connected with the low-side source and the baseplate. Cy¢
is the coupling between the low-side MOSFET gate DBC trace
and baseplate. The parasitic parameters can be obtained from
ANSYS Q3D [34]. Then, the circuit of low-side SiC MOSFET
of the paralleled power modules with parasitic capacitance and
inductance is derived in Fig. 5(c). The inductance of the “OUT
cable,” “dc- connection,” and “gate-source connection” between
two power modules are modeled. To simplify the analysis of the
circuit and reduce the mathematical calculation of the circuit
model in the following section, the high-side MOSFET and para-
sitic parameter can be simplified into the output capacitance of
the 10 kV SiC MOSFET Cgs; series connected with parasitic
capacitance on drain C,qps; (i=1, 2).

B. Half-Circuit Assumption

To clarify how the gate oscillation occurs in Fig. 5(c), it is
necessary to figure out the circuit basics first. As depicted in
Fig. 6, the parasitic inductances in Fig. 5(c) are summed into
one variable in each branch as expressed

Lcrdx = Lcrdpx + Laoutpxa (X = ]-7 2)
Lagx = Lo’gpx + Lagcx

Laksx = La’kspx + LO’SCX

Lasx = Lospx + LUDC—X'

@

R, and Ry, are the kelvin gate resistors in the gate loop, and
Ry 1=Ry. As the circuit is symmetrical about the center-line
with the gate driving circuit, the circuit model for one MOSFET
in the switch in Fig. 6 can be further simplified into a half circuit
in Fig. 7(a) with the assumption:

1. The structure of the circuit is symmetrical.

2. The 10 kV SiC MOSFETs are identical in terms of intrinsic
capacitance Cys, Cygq, Cys, and transconductance gy,.

Based on the assumption, the relation of parasitic induc-
tance and capacitance in Fig. 6 are equal from the left
half plane to the right half plane: L,q1 = Lyd2, Cosst =
Coss2, Re1=Re» Coanst = Codns2, Codi = Coa2, Cog1 =
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(b) after half-circuit assumption.

Ccfg27 Lagl = LUg2’ Laksl = LUsta Co’sl = Co'sQa and Lo’sl =
L(rs2-

During turn-ON transient in practical, when the gate driver
steps from -5 to 20 V, the gate-source voltage starts to ramp up
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(a) Half-bridge power module layout with sketches of the parasitic inductance and capacitance. (b) Equivalent circuit of parasitic inductance and

correspondingly from -5 to 20 V in 10 kV SiC MOSFETs. Since
it excites the resonance between the parasitic inductance and
capacitance in the circuit along with the MOSFET intrinsic ca-
pacitances, the gate-source voltage oscillation occurs. As Fig. 3
shows in Section II, the phase shift of the ac signal part in two
MOSFETs is about 180°. It indicates that the ac signal circulates
in the circuit between two MOSFETs, as depicted by the gray
arrows in Fig. 6, with most of the circulating signal being DM.
To analyze the DM oscillation mechanism, the transfer function
of the small signal model of the circuit in Fig. 6 needs to be
figured out based on the ac small signal [16].

The variables Dg1, Dgs2, Edl, idg, %51, and 252 are the ac small
signals in the circuit. Since ;1 and ()2 have identical charac-
terization, the relation among the ac small signal voltage and
current can be obtained as

ﬁgsl = _{)gSZ
g1 = —la (3)
5] = —ig2.

According to Kirchhoff’s Current Law, the symmetry line can
be regarded as one circuit node. Besides that, the relation among
Dgs1s %dl, and %Sl on one side of the switch in Fig. 7(a) satisfies
(3) as well. Therefore, the half circuit in Fig. 7(a) can be derived
by shorting the neutral point on the symmetry line in Fig. 7(b).
The instability of one SiC MOSFET reflects the DM oscillation,
where the parasitic parameters are half the total value of each
parameter between two paralleled SiC MOSFETs.

Thus, the circuitin Fig. 7(b) can be transformed into the circuit
in Fig. 8 including the MOSFET small signal model. The variables
Zs, Zg, and Zq are the impedance on the source, gate, and drain
side, respectively, which can be obtained as follows:

1
Zd - C1ossC*c7dHS 1 (4)
sCuq + s
Coss + Coans  5Loa
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Fig. 9. Closed-loop block diagram derived from circuit in Fig. 8.

The relation between %d and 0, outside the MOSFET circuit
can be obtained using the mesh current method in the following:

i1Zs + % + (i1 —i2)(Zg + 1) =0

(i2 = 1)(Zg + 1) + L2512 4424 = 0 5
. v (iz—iz) | (ia—i1) _
(i3 — 14) TFsCorg T sacgf + 20; =0

14 = —id.

By solving (5), a virtual impedance Z(s) from iq to vgs can be
established as

1
Co

Inside the MOSFET, the small signal relation between vgs and iq
follows (1). The relationship among the perturbation signal vgq
injected in the system, vy and iq can be expressed as shown
in (7). Here, 04 represents the perturbation generated by the
gate driver with asymmetrical input nodes connected to the
gate-source terminals of the parallel power modules. This article
focuses on methods to stabilize the system, while the elimination
of the perturbation signal from the system could be a direction
for future research. The MOSFET circuit can be transformed into
the closed-loop feedback system in Fig. 9.

by = (i — i1)—— = 1a Z(s). (6)

@gs = 'ng + ;dZ(S) = ’ljgd — zdF(S). (7)
Ay (s) and F'(s) can be obtained
Ay(8) = gm

{F@):—Z@) ®)

Therefore, by solving (5), (6), and (8), the closed-loop transfer
function T'(s) is expressed as (details in Appendix)
1 ass® + a1s + ag
T(s) = = 9
() 1+ Ay (s)F(s)  bes? +bis+ by ©)
where T'(s) is a high-order system when they are complex
impedances. In the frequency domain, complex poles determine
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a modulated oscillation, with the decaying or growing rate
depending on whether the real part of the pole is negative or
positive. In a stable system, the dominant pole pq is positioned
the closest to the imaginary axis. In an unstable system, pq
corresponds to the highest exponentially increasing rate of the
oscillation, which is the furthest pole from the imaginary axis
on the right half plane. It can be expressed as

P4 = 0 £ jwq. (10)

To illustrate how oscillations occur, the damping ratio (4 is
adopted according to (11). When (4 > 0, the system is stable and
the oscillation will decay. Otherwise, the oscillation will grow
when (4 < 0 as the system becomes unstable

=~

o
Vo2 + w3

IV. STABILITY ANALYSIS OF 10 KV POWER MODULE

Y

To analyze and mitigate the gate oscillation issue in a parallel
connection of two 10 kV SiC MOSFET power modules, the
stability criteria of T'(s) is evaluated using the mathematical
tools Maple and Python. First, put (5) into Maple and solve
the intermediate variables 4; and i3 in Fig. 8. Then, Z(s) can
be obtained according to (6). Hence, extract the denominator
and numerator from (9) in Maple and input to Python. Finally,
the stability criteria such as poles and damping ratio can be
calculated with the functions in Python.

A. Impacts of Circuit Parameters on Stability

According to Fig. 7(b), with the parasitics inside the module
described in [34], the circuit parameter obtained from ANSYS
Q3D and device parameters are listed in Table 1.

To assess the stability of the system, the closed-loop transfer
function 7(s) can be solved using the extracted parasitic param-
eters. One pair of complex poles is located in the right half plane
of the zero-pole map, with (4 = —0.005. This indicates that the
system is unstable and gate oscillations will occur.

The stability is related to the working condition. As the
transconductance changes with the current 74, the system stabil-
ity can be influenced by the current. In Fig. 10(a), the system will
go into an unstable region when the transconductance increases.

Besides that, the parasitic inductance and the gate resistance
impact on the system stability. By sweeping the parasitic pa-
rameter Lyq, Log, Re, Loks, and Ly, the damping ratio (g
behaves differently. As shown in Fig. 10(b), (c), and (d), Lyq,
Lsg, and R, are positively related to the damping ratio, they
can significantly stabilize the system. In Fig. 10(e) and (f), the
larger L, and L, are, the smaller (4 iS. Lyks, Los have similar
quantitative effect on (q.

B. Oscillation Mitigation Guideline

By sweeping L,¢ with another parameters the damping ratio
distribution map can be obtained as in Fig. 11(a)—(d). In practice,
the inductance L4, Log, Loks, and Ly is highly dependent on
how the paralleled power modules are implemented. It illustrates
that when L, is small, the larger L,q is, the more stable
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(e) parasitic inductance L5, and (f) parasitic inductance L.

it will be. Both L,q and L, can mitigate the oscillation no
matter how much L, is within the sweeping range. Adding
extra resistance I?, on each MOSFET gate in parallel can help
to stabilize the system as depicted in Fig. 11(c). Beside that,
the small inductance in gate loop L, s can stabilize the system,
ignoring how large L, is according to Fig. 11(d).

Based on the relation between the damping ratio and the par-
asitic parameters, the methods for mitigating the gate oscillation
can be summarized for paralleled MV power modules.

1) Reduce the following parasitic inductances: L,g Or Lyks.
In practice, the connection between two power modules needs
to be as short as possible to reduce the parasitic inductance on
the source side.

2) Increase the inductance or resistance on each gate of the
paralleled MOSFETS. The larger the parasitic inductance and re-
sistance on the gate side, the more stable the switching operation
during the Miller plateau will be.

3) Increase the parasitic inductance on the drain side, L4, to
obtain stable switching operation during the Miller plateau.

V. EXPERIMENTAL VERIFICATION

To verify the theoretical analysis above, a prototype with
paralleling of two power modules is built as shown in Fig. 12.
The half-bridge power module is built with a single 10 kV
SiC MOSFET per switch. The 10 kV SiC MOSFETs die is the
third-generation die from Wolfspeed. Two power modules are

connected using the copper bar and PCB. The parasitic param-
eter in the circuit has been given in Table I.

A. Differential-Mode Oscillation in Paralleled 10 kV SiC
MOSFETs

To have access to the source current of )1 and Q- with
the LeCroy CP030 current probe, a cable is used to connect
the paralleled power modules. The gate-source voltages and
source currents in the circuit—denoted as Vg1, Ves2, s, 52, s
are marked in Fig. 13(a). The DM current in the circuit can be
obtained as
Z'sl - isZ
—

In Fig. 13(b), it is evident that the frequency of the DM
source current aligns with the gate-source voltage. The total
source current iy is equal to the sum of 45 and i, and it does not
contain a component with the same frequency as the DM source
current. This confirms that DM oscillation is more pronounced
in parallel 10 kV SiC MOSFETS.

12)

lgm =

B. Experimental Results on Instability

In the following experiment, the turn-ON dv/d¢ speed in the
following experiment is around 28.8 V/ns.

1) Benchmark: Influence of drain-source voltage vgs on the
stability. As Fig. 14(a), the oscillation happens during the Miller
plateau. The frequency is around 55 MHz. With the voltage



LIU et al.: ANALYSIS AND MITIGATION METHODS OF GATE OSCILLATION

TABLE I
VALUES OF 10 KV SICMOSFET AND PARASITIC PARAMETERS

Symbol  Description Value
gm MOSFET transconductance 538
Tg MOSEFET internal gate resistor 2.8 Q
rq MOSFET output resistance 256 Q
Cuq MOSFET intrinsic gate-drain, 34 pF
Cys drain-source, and gate-source 40 pF
Cos parasitic capacitances at vgs= 5000 V 6.545 nF
High-side MOSFET output capacitance

Coss at vgg= 1000V 91.6 pF
Parasitic capacitance between high-side

Coans drain and baseplate 68.3 pk¥

Parasitic capacitance between low-side

Coa drain and baseplate 83.1 pF
Parasitic capacitance between low-side

Cog gate and baseplate 356 pF
Parasitic capacitance between low-side

Cos source and baseplate 339 pF
Parasitic low-side drain inductance L,q

Log = Lo‘dpi + Looutpi + Looutci (i=1,2) 34.3 nH
as shown in Fig. 5(c)
Parasitic low-side gate inductance Log

Loy = Logpi + Logei (i=1,2) as shown in 35.8 nH
Fig. 5(c)
Parasitic low-side Kelvin inductance

Loks Loks = Loksi + Losci (i=1,2) as shown  23.8 nH
in Fig. 5(c)
Parasitic low-side source inductance

Lgs Los = Lgspi + Lopc—j (i=1,2) as 242 nH
shown in Fig. 5(c)

R Kelvin connection resistor on source in 10
gate loop

R, Kelvin connection resistor on gate in 09
gate loop

dropping down to 0 V, the system is unstable according to the
theoretical analysis. Therefore, the oscillation increases until the
end of the Miller plateau.

2) Benchmark: the influence of load current. From Fig. 15,
the oscillation amplitude increases with the i5 becoming larger.
As the transconductance g, increases with the current and the
damping ratio is smaller when gy, is larger, the result in Fig. 15
matches with the analysis in Fig. 10(b).

C. Impacts of Parasitic Parameters on Paralleling 10 kV SiC
MOSFETs

To verify the impacts of Lys, Lsyks, Log, and L,q on gate-
source oscillation in Section IV (B), four groups of case studies
are conducted.

1) Increase the length and narrow the width of the copper trace
between the two “DC-" terminals. Thus, the parasitic inductance
L, is increased by 9.1 nH. The amplitude of gate oscillation
is increased in Fig. 16, which meets the damping ratio becomes
smaller as the L, is larger in Fig. 10(f).

2) Add a ferrite bead with 12 nH on L, on the source trace
in the gate loop. The tested waveform in Fig. 17 shows that the
oscillation is enlarged and meets the analysis in Fig. 10(e).

3) Insert a ferrite bead that has 21 nH on the “Gate” terminal of
each power module to increase the L. The experimental result
in Fig. 18 shows that the oscillation is decaying even though the
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Fig. 11.  Damping ratio {4 while sweeping (a) Lsq and Lo, (b) Lyg versus
Lys, (c) Rg versus Ly, and (d) Ly versus Los.

oscillation starts with a little high amplitude. It indicates that the
system is a stable system with a positive damping ratio, which
meets the theoretical analysis in Figs. 10(d) and 11(b).

4) The oscillation is mitigated via adding a 5.1 €2 resistor
on each gate of the MOSFET in parallel as shown in Fig. 19.
Compared with the benchmark, the increased resistance on the
gate side can mitigate the oscillation in accordance with the
theoretical plotting in Figs. 10(c) and 11(c).
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Fig. 13.  (a) Simplified schematic of test platform for source current and (b)

experimental waveform of turn-ON waveform at 6000 V DC-link voltage and
20 A load current.

5) By adding a 240 nH inductor on L,q in each “OUT”
terminal of the power module, the oscillation is completely
suppressed. Compared with the benchmark, the increased L,q
has the capability to mitigate the oscillation in Fig. 20 as depicted
in Figs. 10(c) and 11(a).
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Fig. 14. Experimental benchmark turn-ON waveform at 6000 V DC-link
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Fig. 15.  Measured vg oscillation voltage amplitude during the Miller plateau
under different load current and 6000 V DC-link voltage from experimental
double pulse tests.

25 7
—— Benchmark 0
20 . et e Benchmark Q>
15_3 —— Lss+9.1nH Q)
6V = Lss+9.1nH Q>
~ 10 2y A /
> E A
‘; ] Y Y
= 54 /
0 V
-5
10 t/————1— — T
167 168 169 170
time (us)
Fig. 16.  Experimental turn-ON waveform with increased L5 at 6000 V DC-

link voltage and 20 A load current.

D. Discussion of the Methods

With these experimental results, the design guidelines pre-
sented in Section IV-B are verified. These solutions have their
pros and cons in practical applications. A comparison of the
different oscillation mitigation methods is illustrated in Table II.

1) Reducing the L,s and L,is helps to mitigate the gate
oscillation amplitude, as indicated by the theoretical analysis in
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Fig. 17. Experimental turn-ON waveform with increasing L, at 6000 V

DC-link voltage and 20 A load current.
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Fig. 18. Experimental turn-ON waveform after inserting a ferrite bead to

increase L g at 6000 V DC-link voltage and 20 A load current.

TABLE IT
COMPARISON OF DIFFERENT MITIGATION METHOD FOR PARALLELING 10 KV
SIC MOSFETSs

Method Negative impact Implementation
Constrained by the system .

Reduce Lgs or Ly structure Difficult

- Enlarged crosstalk issue on -

Increase Log the inactive switch Easy

Increase resistor Rg | Enlarged crosstalk issue on Eas

on each gate the inactive switch y
Increased overshoot drain-

Increase L,q source voltage during turn- Easy
OFF

Fig. 11(c) indicates. However, the parasitic inductance cannot be
designed sufficiently small in MV applications. In practice, it is
essential to maintain adequate clearance and creepage between
paralle]l MV power modules based on 10 kV SiC MOSFETSs, which
limits the minimum values for parasitic inductance L, and
Lyks.

2) Putting a ferrite bead on each gate terminal to increase
L4, can dampen the oscillation, whereas the ferrite bead should
be within a limited value considering the crosstalk issue. As
analyzed in [35], crosstalk occurs in the inactive switch of the
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Fig.21.  Experimental waveform of crosstalk on the inactive switch when the

active switch is turning ON with dv/dz (a) 27 V/ns at turning OFF and (b) 44 V/ns
at turning ON.

half-bridge circuit. When the active switch turns ON or OFF, the
dv/dt of the drain-source voltage on the inactive switch generates
additional current flow from gate to drain, resulting in dips or
bumps in the gate-source voltage. This crosstalk can lead to false
turn-ON/OFF events or even damage to the gate and source of the
inactive switch. As shown in Figs. 21 and 22, the voltage spike
of the crosstalk issue worsens with an increase of 21 nH on L,
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at turning ON.
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Fig. 23.  Experimental waveform of crosstalk on the inactive switch when the

active switch is turning ON with dv/dz (a) 27 V/ns at turning OFF and (b) 44 V/ns
at turning ON.
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Fig. 24.  Experimental waveform of crosstalk on the inactive switch when the

active switch is turning ON with dv/dz (a) 35 V/ns at turning OFF and (b) 61 V/ns
at turning ON.

during turn-ON and turn-OFF switching transient. In addition, the
crosstalk will become worse with the increased dv/dz speed.

3) Similar to the solution with putting the ferrite bead on each
gate, the increased gate resistors will cause a crosstalk issue as
shown in Figs. 23 and 24. Besides that, it will slow down the
di/dt and dv/dr during the switching transient since extra gate
resistor on each gate are added [36].

4) By increasing L,q, the oscillation is completely sup-
pressed. The increased L,q causes a higher overshoot voltage
due to Lgd% when the switch is turning OFF. In Fig. 25, when
dv/dr is 32.3 V/ns, the the di/dt of 10 kV SiC MOSFET is only
0.103 A/ns. Besides that, the dv/dr and di/df between L,q on
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Fig. 25.  Experimental waveform of overshoot voltage on the active switch
caused by the increased L, q.

drain and L,q + 240 nH on drain are almost the same. Only
30 V of increased overshoot voltage was caused by added L,q
with 240 nH. Compared with the low-voltage SiC MOSFET, the
di/dr is about 1.25 A/ns when the dv/dt is around 40 V/ns [36],
which is 10 times larger than that in 10 kV SiC with a similar
dv/dt speed, which results in 10 times larger overshoot voltage
for low-voltage SiC MOSFET. Since 10 kV SiC MOSFETs have a
high absolute drain-source voltage, the overshoot voltage caused
by the inductance L4 is not a major concern. On one hand, it
is better to select the inductance to mitigate the oscillation with
minimized overshoot voltage. On the other hand, this approachis
more advisable for 10 kV SiC MOSFETs compared to low-voltage
SiC MOSFETS.

VI. CONCLUSION

To analyze gate oscillation in paralleled 10 kV SiC MOs-
FETs, this article employs the small signal model based on the
half-circuit assumption. The circuit model accounts for parasitic
capacitance within the customized MV power module, as well as
internal and external inductance associated with the MV power
module. Two customized MV power modules utilizing 10 kV
SiC MOSFETs serve as the experimental platform, where the
effectiveness of the analytical model is verified. Additionally,
four mitigation methods for gate oscillation are introduced and
validated through experiments, along with a discussion of their
tradeoffs and negative impacts.

APPENDIX

as = (Cas7aCad + Cas7aCls + CoaraCls)

NZa(Zg +1g) + ZaZs + (Zg + 1) Zs]
a1 = Cosrd(Za + Zs) + CoaZa(Zg + 15 + Zs +14)

+ Coa(Zg +14)(Zs +14) + Cosra(Zg + 1)

+ CosZs(Zy +1g +1a) + Cos Za(Zg + 14 + Zs)
ag = Zq + Zs + 14
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