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Miller Capacitance Cancellation to Improve SiC
MOSFET’s Performance in a Phase-Leg
Configuration

Boyi Zhang, Student Member, IEEE, and Shuo Wang

Abstract—The drain to gate capacitance (Miller capacitance) of
SiC MOSFETs leads to the Miller effect during switching tran-
sients. The Miller capacitance in a phase-leg configuration causes
the crosstalk, the interaction between the two complementary
switches, and the Miller plateau during the switching transient. The
Miller effect reduces the switching speed, reduces reliability, and
increases electromagnetic interference. In this article, by injecting
a mirror cancellation current, the effects of Miller capacitance are
canceled. The proposed technique includes a two-stage sensing and
injection network to compensate for the nonlinearity of the Miller
capacitance. The proposed technique can suppress both positive
and negative gate voltage spikes induced by the crosstalk and
reduce the switching power loss with the increased switching speed.
Because no external control signals are required in the proposed
technique, it can work with almost all commercial gate drivers. The
detailed design for this proposed technique is presented in this ar-
ticle. The proposed technique was validated with both simulations
and experiments.

Index Terms—Crosstalk, electromagnetic interference (EMI),
Miller capacitance, Miller effect, Miller plateau, SiC MOSFET.

1. INTRODUCTION

IC mosfets have smaller ON-resistance, smaller junction ca-
S pacitance [1], and higher maximum operating temperature
than Si devices at similar power ratings. As a result, SiC MOSFET
is a promising candidate to replace Si insulated-gate bipolar
transistor (IGBT) in high power applications, such as electric
vehicles and the aviation industry. However, the high-speed
potential of SiC MOSFETs has not been fully utilized in these
applications. One of the major barriers is the Miller effect. For
the SiC MOSFETSs in a phase-leg configuration, the Miller effect
influences the switching performance of SiC MOSFETS through
two couplings: the coupling between power loop and drive loop
[3], and the coupling between the top and bottom switches.
The coupling between the power loop and the drive loop
causes the gate voltage to be clamped at a relatively constant
value for a period of time during the switching transient. This
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period of time is also known as the Miller plateau [2]. The
Miller plateau impacts the switching speed of the device. The
coupling between the top and bottom switches is the interactions
between the two switches in a phase-leg configuration at high
dv/dt switching [3]. The positive and negative voltage spikes
are induced at the gates of the devices; this is also known as
the crosstalk effect. The positive voltage spike causes potential
false triggering, which leads to hazardous shoot-through failure.
The negative gate voltage spike could cause the gate—oxide
breakdown [4]. In industrial applications, both false triggering
and negative voltage over-range must be avoided by all means.
The common-source inductance (CSI) [3] also contributes to
the crosstalk effect. Reducing the CSI with package optimization
techniques, such as the Kelvin connection, can mitigate the
crosstalk caused by the CSI. In contrast, the Miller capacitance is
an intrinsic property of the semiconductor devices. Reducing the
crosstalk caused by the Miller capacitance is a major challenge.
The existing research has proposed techniques to address ei-
ther the crosstalk or the Miller plateau. For the crosstalk suppres-
sion, the proposed techniques mainly fall into three categories.

1) Reducing the Switching Speed: Increasing the value of
the gate resistor or adding an external gate capacitor
effectively mitigate the crosstalk [5], [6] at the cost of
a lower speed.

2) Control the Gate Loop Impedance: The induced gate
voltage is a function of the drive loop impedance. The
low-impedance path between the gate and source of the
victim device can mitigate the crosstalk [7]-[9]. In [10], a
high gate drive loop impedance is also proposed to damp
the gate voltage oscillation, while the Miller capacitance
is precharged and predischarged to avoid crosstalk. Con-
trolling the gate drive loop impedance usually requires
complicated assistive circuits and control logic.

3) Applying Multilevel Gate Voltage [11]-[15]: Multilevel
gate voltage techniques do not suppress the induced gate
voltage spikes. Instead, different levels of gate voltage are
added to the gate during the OFF-state to prevent false trig-
gering and negative voltage over-range after the crosstalk
has occurred. In the cases of SiC MOSFETS, since both
positive- and negative-induced gate voltage spikes are high
due to high switching speed, the OFF-state gate voltage
must be controlled precisely to avoid both false triggering
and negative breakdown. The design of a multilevel gate
driver becomes costly and challenging.


https://orcid.org/0000-0002-1827-4355
mailto:zby0070@ufl.edu
mailto:shuowang@ieee.org
https://doi.org/10.1109/TPEL.2021.3090080

14196

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 36, NO. 12, DECEMBER 2021

TABLE I
COMPARISON OF THE EXISTING CROSSTALK SUPPRESSION TECHNIQUES AND THE PROPOSED TECHNIQUE

Literatures PERFORMANCE Crosstalk Suppression
Positive spike Negative spike Increased switching  Additional control Technique Category
suppressed by suppressed by speed
[4] 2.5% 30% No Passive Gate impedance control
[7]1 (TO-247) 66% 0% Yes No Passive Gate impedance control
[81[9] N/A 50% Yes Yes Active Gate impedance control
[10] 50% 67% Yes Active Gate impedance control
[12] N/A 0% Yes Active Shifting gate voltage levels
[13] N/A 80% No Active Shifting gate voltage levels
[18]1[19] N/A N/A Yes Yes Active Closed-loop gate drive
This paper 80% 90% Yes No Active Miller cap cancellation

Some research attempts to reduce the Miller plateau. The
closed-loop driving techniques were proposed in [16]-[19].
These closed-loop driving techniques control the gate volt-
age/current based on the difference between the sampled wave-
forms and the desired waveforms. The closed-loop techniques
require many additional analog and digital circuits. The crosstalk
is not suppressed in these closed-loop driving techniques. In
some cases, applying closed-loop driving increases the chances
of false triggering [18] and requires additional circuits [19].

In this article, a Miller effect suppression technique is pro-
posed. Different from the previous research, the proposed tech-
nique focuses on the root cause of the Miller effect, so both
crosstalk and the Miller plateau can be greatly suppressed. With
the proposed technique, the nonlinear Miller capacitance can be
equivalently canceled. Requiring no external control strategies,
the proposed technique can work with most commercial drivers
or be integrated inside the power module package. A thorough
comparison between the existing and the proposed techniques
is summarized in Table I. In Table I, the data are based on the
experimental results in the cited articles. If the technique uses the
gate voltage shifting techniques, the gate voltage spikes are not
essentially suppressed, so it is not applicable (N/A) in Table 1.
From Table I, the proposed technique reduces the gate voltage
spikes and increases the switching speed much more than the
existing techniques. The rest of the article will be organized
as follows. The Miller effect during the switching transient is
analyzed in Section II. Based on the analysis, the Miller capac-
itance cancellation technique (MCCT) is proposed in Section
III. The working principle is analyzed. Section IV discusses the
design of the proposed technique. In Section V, simulations and
experiments are conducted to validate the proposed technique.
Finally, Section VI concludes this article.

II. MILLER EFFECT ANALYSIS DURING THE SWITCHING
TRANSIENTS OF SiC MOSFETSs

The switches in a phase-leg circuit have four switching states:
top switch turn-ON transient, top switch turn-OFF transient,
bottom switch turn-ON transient, and bottom switch turn-OFF
transient. During the switching transients of one switch, the
other switch is OFF. Because the switching transient analysis
has been presented in other articles [2], [20], [24], this section
only focuses on the role of the Miller capacitance.

The four switching transients of the devices in a phase-leg
configuration are shown in Fig. 1. The currents flowing through
the junction capacitances of the M are shown in Fig. 1. Because
the top and bottom switches are symmetrical, the transient
analysis of M; is the same as M.

During M;’s turn-ON transient in Fig. 1(a) and (e), the gate
driver’s voltage rises to V7, the drain to source voltage V4, of
the M rises drastically, and V47 reaches the Miller plateau in
Fig. 1(e). Because of the high dVy,/dt, a Miller current flowing
through the Miller capacitance Cgzq of M is induced. The drain
to gate voltage Vg, of M is given by

Vdg = Vds - Vgs- (1)
The Miller current is given by
. dVays  dVys
iMiller = Cyd (d;l - dtg ) . 2

The Miller current flowing through the gate resistor R, and
gate to source capacitance C'y; meet

Vs = VL dVys
R, dt
Vs can be solved with (2) and (3)

+ Cys = iMiller- 3)

dVys 1
Vgs = Rg ngTZ (1 —€ R’-"éi“t)

1 PVye 1
—e Rgéisst/RgOngje Rgéz‘ss tdt+VL (4)
where Cigs = Cgs + Cya.
In (4), in most of the existing pieces of literature [2], [3], [8],

[9], V4s is modeled as a trapezoidal waveform; so, dfi‘t/gs =0.
Equation (4) reduces to

%(1—6‘ L EA G

Equation (5) has a similar expression to the existing research
[8], [9]. Equation (5) gives a quick estimation of the induced
gate voltage. Because dzl/;‘js is positive in this state, the induced
gate voltage is higher than the gate driver’s OFF-state voltage
V1. In actual SiC MOSFET applications, d‘fﬁ“ is not constant as
in Fig. 1(e); therefore, (4) is more accurate than (5).

Similarly, during M;’s turn-OFF transient in Fig. 1(b) and
(e), the drain to source voltage V s of M drops drastically and
V4s1 reaches the Miller plateau in Fig. 1(e). Vg5 has the same
expression as (4) except dVy /dt is negative. This indicates that

the induced gate voltage is lower than V7.

Vs = Ry Ogd
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Fig. 1. Switching transients of devices in a phase-leg configuration. (a) M1 ’s
turn-ON transient, M is OFF. (b) M1 ’s turn-OFF transient, M is OFF. (c) M’s turn-ON
transient, M is OFF. (d) M’s turn-OFF transient, M is OFF. (e) Waveforms.

During the M’s turn-ON transient in Fig. 1(c) (the time-domain
waveform is not shown here), the gate driver’s voltage rises to
V. The driving current i, is given by

P Vi = Vs o dVys B dVys dVys
97 R, 4\ at dt 9 dt
The drain to source voltage V4 of M decreases and Vi,

reaches the Miller plateau, which makes dV,, /dt ~ 0. Equation
(6) can be simplified as

(6)

VH — Vgs dVds
—— = -C . 7
R, 9 " gt @
The turn-ON switching speed is, therefore, given by
dVdS VH - Vgs
— lon = ——FF—F—- ®)
dt CyaRy
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Fig. 2. SiC MOSFET with the Miller capacitance cancellation.

Similarly, during the M’s turn-OFF transient in Fig. 1(d) (the
time-domain waveform is not shown here), the drain to source
voltage V4, of M increases and V,, reaches the Miller plateau.
The turn-OFF speed of M is given by

T |y = Yo — 2 ©)
gdity

Vys in (8) and (9) is the gate to source voltage at the Miller
plateau, which is determined by the load current [20].

From (2) to (9), the root cause of the crosstalk and the Miller
plateau is the Miller capacitance Cyq. If Cyq = 0,both the Miller
plateau and the crosstalk would be eliminated.

III. MCCT AND ITS WORKING PRINCIPLE
A. Principle of Miller Capacitance Cancellation

The Miller capacitance can be equivalently canceled by in-
jecting a mirror current #;,; with the same magnitude but inverse
phase as the Miller current ijgijer to the gate of the SiC MOSFET.
Fig. 2 shows the concept. The compensation circuit includes the
voltage sensing circuit (VSC) and the voltage inverting circuit
(VIC). VSC and VIC sense V4, and generate inject voltage Vrv.
Vrv is added to the injection capacitor Cj,;j to generate injection
current ij,j. The condition of cancellation is ijnj = —iMiller-

The Miller capacitance Cyq is nonlinear as a function of
V4s, but the injection capacitance Ciyj is constant; therefore,
the voltage gain of the compensation circuit VSC+VIC should
be adjusted based on V;s to approximately compensate the
nonlinearity of Cy4. A higher V4, corresponds to a smaller Cyq;
therefore, a smaller gain is needed. A lower V4, corresponds to
abigger C,q; therefore, a bigger gain is needed. To achieve this,
the gain can be adjusted in two stages or multistages based on
the magnitude of the sensed Vy,. A two-stage solution will be
presented in this article.

B. Circuit Realization

Fig. 3 shows the proposed MCCT that comprises VSC, VIC,
and Cinj~

1) VSC Analysis: The VSC in Fig. 4 consists of a voltage-
dividing impedance network and a low-power MOSFET Q. Z5 =
S(ljs represents the impedance of the drain to source junction
capacitance C5 of Q1. Z5 and Z3 represent the impedances of

the capacitances, which are the total of an external capacitor and
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Fig. 3. MCCT applied to a SiC MOSFET.

(b)

Fig. 4. VSC with two gains. (a) Stage 1. (b) Stage 2.

the junction capacitance of Q1, between the gate and the drain
and between the gate and the source. The input voltage of the
VSC is the drain to source voltage Vs of the SiC MOSFET. To
cancel the nonlinear Miller capacitance, which is a function of
Vs, of the SiC MOSFET, the VSC operates in two stages with
two different gains at different V4.

a) Stage 1:V 4 ,<V a1 InFig. 4, the gate to source voltage
Vz3 of Q; is determined by the capacitance network. At stage
1, V73 is smaller than Q1’s threshold voltage Vy,q1, which is
corresponding to an SiC MOSFET’s drain to source voltage V js¢p,
Q; is OFF, as shown in Fig. 4(a). Because the input impedance
of VIC is much larger than the output impedance of VSC (will
be proved later), the VIC’s loading effect on the output voltage
Vg can be ignored. The dynamic gain G,s; of VSC is given by

dVys/dt Zor + Za
Gvsl = =

= 10
dVys/dt Zvp+ Zoi (10
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where
Z5 (Za + Z3)
Zor= ———~ 11
N 2N 25+ Zs (4o
Zyp =21 + Zy. (12)
The V4, is given by
Z A Zo+ 7
Vastn = Ving1 (Zg1+2Zvp) (2> + 3). (13)
Zq143
The output impedance Zy,; of VSC at stage 1 is
ZVol = (ZQl + Z4)//Zl (14)

b) Stage 2: V35>V When Vg is higher than Vg,
0; conducts current i, in the saturation region, as shown in
Fig. 4(b). The current bypasses Co and C's and C via the small
channel resistance of Q1. The channel current i, is given by

iQ1 = 9mq1 - (Vzz — Vino1) (15)
where g,,,01 is the transconductance of Q. Solving the drain to
source voltage V1 of Q; from Fig. 4(b)

Vis + 9mo12vpVingi

Zvp ImQ1Z3Zvp
1+ Zq1 + Zo+Z3

Inthe design, Zy p should be big enough at switching frequen-
cies to reduce the leakage current flowing from the SiC MOSFET’s
drain to source. As a result, in the design, |gmg1 2y p|>10".
On the other hand, |1 + Zzg’f |is designed as < 100. The Vgsof
the SiC MOSFET is limited by the maximum operating voltage.
Therefore, the following conditions can be met:

Vor = (16)

ImQ1 4324y D Zvp

— >l 4+ = 17
Zoy+ Zs | | Zo1 an

|9m01Zv DVinot > |Vis| - (18)

Based on (17) and (18), the V(51 in (16) can be simplified as
Zo + Z3

Vo1 = Ving1 — (19)
3
The output voltage of VSC at stage 2 is, therefore
Z
Vs = L (Vas — V1) + V. (20)
VD

Since V(y1is constant in (19) and the input impedance of VIC
is much larger than the output impedance of VSC (will be proved
later), the dynamic gain G,s2 of VSC at stage 2 is

G dVys/dt — Z,
V2T AV Jdt  Zyp
Because of (19), 1 can be replaced with a constant voltage
source in ac analysis. The output impedance Zy 2 of VSC at

stage 2 is, therefore, given by
Zver =21/ Zs. (22)
Based on (10) and (21), by adjusting the impedance Z1—Z,,
the VSC will have two gains at different V5. G,s1 is a large
gain when V, is low and G40 is a small gain when V; is high.
In the VSC, the junction capacitance changes nonlinearly
with Vi1. It is worth discussing the impact of the Qs junction
capacitance on the performance of the VSC. In stage 1, Vg1

changes from 0 V to (Vino1 22%323) In this range, based on

ey
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Fig. 5. (a) VIC. (b) Small-signal model.

the datasheet, G, 51 changes only 6% due to the nonlinearity
of the junction capacitance. In stage 2, V(p; is clamped to a
constant value given by (19). Therefore, the value of the junction
capacitance does not change. The gain G2 is constant. In
general, the nonlinearity of ()}s junction capacitance has an
ignorable impact on the performance of the VSC. As a result,
in rest of this article, the value of Zs, Z3, and Z5 are considered
constant during the analysis and design.

2) VIC Analysis: The VIC is to invert the output voltage Vg
of the VSC in Fig. 5(a). The VIC consists of two resistors Rjy;
and R;, a low-power MOSFET (3, and a diode Dy. The VIC is
powered by a DC power supply V., which can be the same power
supply used by the SiC MOSFET’s gate driver. Dy clamps Vv—
V.. and protect Qo when there is current flowing from Ci,;. Riy;
is the injection resistor. R is the negative feedback resistor to
improve VIC’s temperature stability [25], increase VIC’s input
impedance Z;,, and set the saturation operating point of Q5.

When Vi g is higher than the threshold voltage V;;,q2 of Qo,
Q- operates in the saturation region, and the channel current
1dQ2 18

14Q2 = 9mq2 (Vgsg2 — Ving2) (23)
Visg2 = Vws — Rsiqgo- (24)
Solving (23) and (24) for i 2
Vvs — V4
iag2 = QmQ2( \ thQQ). (25)

1+ ngQRs

In Fig. 3, R, is the gate resistor of the SiC MOSFET. Based
on the circuit theory, in the frequency range 2—100 MHz, the
impedance of Ci,; (6.8 nF) is much smaller than R;,; (10 §2) and
R, (15 €), and the impedances of C4q (100 pF) and C, (170 pF)
are much bigger than R;,; and R; the output voltage Vrv of the
VIC is, therefore

Viv = Vee — tagaRy//Rinj- (26)
Substituting (25) into (26) yields
9ma2Rg//Rinj Vvs — Ving2)
Viv = Ve — . 27
v " (27)
The dynamic gain G,; of VIC is, therefore
d dW m -
Gvi _ ‘/iV/ Vs _ _g QQRg//R j (28)
dt dt 1+ gmqaRs

14199

If R;, = R,/ /Rinj. the input impedance Z;,, of VIC is solved
based on the small-signal model in Fig. 5(b) as

1 : 1
Zin = ( ) <Rs + ngQRS_F)
1+ A; SCgSQQ

_(Cy (sCgsq@2Rs+9mq2Rs+1)(gmq2(RL+R: 1)
where Al*(cgjgz)'( Q2fs ?ernggRs @2y ).
Based on (14), (22), (29), the circuit parameters, and the

parameters of Q; and Q5 (IRLMS1503) at the operating point,
&m~2 S, Ry =7.5(), Cys02~175 pF, C1 = 8.2 pF, C2~400 pF,
C3=475 pF, C4 = 1 nF, and C5 =150 pF, it is found that
Zin>>Zvo1, Zvo2, and VIC’s loading effect on G,s1 and G52
is ignored.

3) Current Injection to Cancel Miller Plateau and Crosstalk:
From (10), (21), and (28), the total voltage gain GyicoT 18

(29)

G _ dViy/dt
MOCT = v, /dt
Z Z mQ2Rg//Rinj

Gvslei = - ZVQDIJ:Z;; -g 1<Q:9mi;)/2/Rs . P Vds < Vdsth
_ (stage 1)
- mQ2Rg// Rinj

GUSQGvi = *%-%7 Vds > Vdsth

(stage 2).
(30)

When V¢ of the SiC MOSFET changes drastically, the cance-
lation current i;,; will be injected to the gate of the SiC MOSFET
through the injection capacitor Ciy,j, as shown in Fig. 2. ij,j is
given by

. o dVvIV dVgs o dvds
linj = Can < dt dt ) — Can GMCCT dt
dVys
~ O, 31)

During the turn-ON transient of the complementary switch,
Vs rises. The V¢ spike can be induced by the Miller current. At
the same time, in Fig. 2, 4;,; is injected. The total current flows
through R, and Cy, is given by

Ves — V1 dVys . )
= R, Cys 7d§ = iMiller T %inj- (32)
Substitute (2) and (31) into (32)
Vis—vi, dVys dVys
. Ciss — = (C, Cin'G 33
R, + Ciss1 —, (Cyd + CinjGucer) T

where Cjs61 = Cqs + Cinj + ng.
Vs can be calculated as

Vgs = Rg (Ogd + C(ian(MCCT)

R S
— e RgCiss1 t)
d*Vy, 1

eRgCiss1 tdt

— ¢ Tt [ Ry (Cya+CiniGricer)

dt?
+ V. (34)
In (34), when the following condition is met:
Cyd
CVin' = - g 35)
! Gumeer (

the first two terms become zero. The Miller capacitance is
equivalently canceled and V;, = V7. The induced positive gate
voltage spike is, thus, canceled.
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Fig.6. Cyqof an SiC MOSFET SCT3060AR. (a) Comparison of the datasheet
and calculation. (b) Charge equivalence with two constant capacitances.

Similarly, during the turn-OFF transient of the complimentary
switch, the induced negative V, spike is also canceled when
(35) is met.

During the turn-ON transient of the SiC MOSFET, the driver
voltage V. = V. The gate current satisfies

. VH - Vgs
lg = ————
R,

The switching speed of the SiC MOSFET is solved by substi-

tuting (2) and (31) into (36)

- - (iMiller + Z.inj) . (36)

dt fon (Cya + CiniGucer)
Similarly, during the device turn-OFF transient, the driver
voltage V. = V7, and the switching speed is given by
dVas | _ (Vqs — VL) /Rg
ar "t (Cyd + CinjGruceor)
From (8), (9), (37), and (38), when (35) is met, the Miller
plateau is canceled and the switching speed greatly increases.
Based on the analysis in this section, the proposed MCCT can

cancel the effect of Miller capacitance. As a result, the crosstalk
and Miller plateau can be canceled.

(38)

IV. DESIGN TECHNIQUES FOR THE PROPOSED MCCT

This section discusses the design for MCCT, including the
compensation of the nonlinearity of the Miller capacitance,
the high-frequency performance of the VSC, and the operation
region of VIC and the power loss.

A. Compensating the Nonlinearity of the Miller Capacitance

It is well known that Miller capacitance Cyq is a function of
Vas. In Fig. 6(a), Cyq decreases quickly as Vg, increases. The
relationship between Cjyq and Vy;, is given by [21]

Co

v/ 1 +VdS/V0

where Cy and V[, are the dimension-related constants, and
they can be acquired from datasheets. For the SiC MOSFET
SCT3060AR, Cy = 700 pF and Vo = 1.05 V. The calculation
based on (39) matches the datasheet very well in Fig. 6(a).
Because of the nonlinearity of Cyq, GymccT needs to be
adjusted based on Vy, to satisfy (35) with a constant Cjy;. In
this article, two constant capacitances C; and Cs are selected to

ng (Vds) = (39)
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equivalently represent the nonlinear C'yq in terms of charge. Dur-
ing the switching transient, the total charge transferred through
the voltage dependent C,4q4 over time is equal to the total charge
transferred through the two selected constant capacitances C
and C'y at different V4 over time, as shown in Fig. 6(b). Under
such equivalence, Cyq is represented by

C1, Vi < Vasin
Ca, Vi > Vasin.

To meet (35), the gain of VSC should be designed as

C
a Gvsl = Trllja Vds < Vdsth
MCCT — C.
G'us2 = ?12117 Vds > Vdsth-

(40)

(41)

From (41), the two gains of the VSC need to meet
Gvsl o Cl
Gus2  Co
Because the total charge flowing through C; and Cy should
be equal to the charge flowing through C,4 when V4 increases
from O V to Vpc, C1 and Cs should meet

(42)

Vastn Vasth

) Cvl dvds - ({ ng (vds) dvds (43)
Vbc Vbe

f ngvds = f ng (Uds) dvds. (44)

Vasth dsth

During switching transients, in Fig. 6(b), (35) is satisfied
perfectly when V5 isat V1 and V2. When V5 changes from 0 V
to Vpc, the cancellation performance depends on the difference
between the constant capacitors, namely C; and C5, and the
Miller capacitance. To maximize the cancellation performance,
the charge difference must be minimized. Fig. 6(b) shows the
charge difference Q1—Q)4 when V, changes from 0 V to Vpc.

@Q1—Q4 are given by

Ve Ver
Ql = (j; ng (Uds) dvgs — g Cy (Uds) dvgs (45)
Vasth Vistn
Q2= Vf Cy (Uds) dvgs — Vf Ogd (Uds) dvgs (46)
VCQ Vu2
Q3= [ Cyq(vas)dvas — [ Cs(v4s) dvgs (47)
Viastn Vastn
Vbe Vbe
Q4 = Vf CQ (Uds) dvds - Vf ng (Uds) dvds- (48)
From (43) and (44), C; and C5 are given by
200Vo (/1 + Ydetn — 1
= ( ) (49)
Vastn
2CoVo (/1 + %< — /1 + Yo )
Cy = . (50)
Vbe — Vastn
Solving (45)—(50) simultaneously
Vastn
Q1 =0Q2 =2Cy V- 1+? -1)-C1-Va
0
(51)
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Comparison of charge difference as a function of Vs¢p,.

—Co - (Vea — Viasen) (52)
where
Vo = (VO (C1> — 1) (53)
o\ 2
Vig = <V0 (CZ> - 1) . (54)

From (51) to (53), Q1 and Q3 are the functions of Vg, as
shown in Fig. 7. To minimize the charge differences so as to
minimize the crosstalk and the Miller plateau, V ;s should be
selected so that the bigger one of ()1 and @3 is the minimum.
When Vg, increases from 0 V to Ve, Q1 increases and (03
decreases; this condition leads to Q1 = Q3, i.e., V44, should be
the crossover voltage of O and Qs curves. It is 58 V for this
case.

From (10), (21), and (42), the impedances meet

Zvp Zor+Zs) _ C1

Zy(Zyvp +Zg1) Co

From (30) and (35), at stage 1, the capacitance of the injection
capacitor is calculated by

(55)

Cq

. 9mQ2Rg//Rin;
Gus1 1+gmq2Rs

The value of the injection capacitor is the same at stage 2
when it is calculated from C5 and G, 4o because of (42).

(56)

Cinj = —

B. Improving the High-Frequency Performance of the MCCT

In Section III, when V 3,>V 444, at stage 2, because conditions
(17) and (18) are met, the dynamic gain of VSCis given by (21).
However, because impedance Zy is inversely proportional to
frequencies, the terms on the left side of the inequality in (17) and
(18) decrease at a slope —20 dB/dec as the frequency increases.
Asaresult, athigh frequencies, (17) and (18) are not well met and
G52 will not be equal to (21). The cancellation condition (35)
will not be met, so the Miller current cannot be well canceled.

To improve MCCT’s high-frequency performance, conditions
(17) and (18) should hold at high frequencies, for example, at
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Fig. 8. Measured Vg, of the bottom switch when the top switch turns ON.

(a) No MCCT. (b) MCCT with an inappropriate design. (¢) MCCT with a
good design.

least ten times of 1/t,,, where f, is the smaller one of the rising
and falling time of V4.

Based on (17) and (18), Zyp should meet the conditions (57)
and (58) at frequency 10/74,,

Z
Zvp |>>| # 57
Za+Zs3 ImQ1 — 1
Vs
Zvp > —2—]. (58)
ngIVtth

The induced gate voltage of a bottom switch during the turn-
ON transients of the top switch in a phase-leg configuration is
shown in Fig. 8(a) under 100 V/3 A test condition (the full power
tests will be conducted in Section V). Fig. 8(b) shows a case
when the MCCT does not meet (57) and (58). The cancellation
is not good. Fig. 8(c) shows the case when MCCT meets (57)
and (58). The induced voltage is greatly canceled.

The value of C1—C} must be selected based on (57) and (58)
to achieve good cancellation.

C. Design of the VIC

To achieve the function of VIC, Q> must operate in the
saturation region. Namely

(59
where V02, Vysq2, and Vi o are the drain to source voltage,
gate to source voltage, and the threshold voltage of O, respec-

tively. When Q2 conducts currents, the drain to source voltage
is

Vasg2 > Vyso2 — Vino2

Visgz = Vee —iagz (Ry//Rinj + Rs) . (60)
Substituting (24), (25), and (57) into (58), the saturation
condition can be calculated as
‘/cc (1 + ngs)
dm (Rg//Rinj + Re) +1
where Vi, snax 18 the maximum output voltage of VSC and it is

Z
VVSMax = 274 (Vds - VQl) + VQl
VD

Vv sMax < + Ving2 (61)

(62)
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where V1 is given in (19). The design should satisfy (61) for Q2
to operate in the saturation region. At the same time, R should
be kept small, so it will not limit the amplitude of iy;.

D. Power Loss Discussion

During the MCCT operation, the extra power losses can be
generated in both VSC and VIC. In VSC, the power loss is due
to the charging and discharging of capacitors C1—Cj. The total
energy loss due to the charging and discharging of C';—C’5 in one
switching period is given by

Evsc = Ceq Virc (63)

where Cq is the equivalent capacitance of C1—Cs and Vpc
is the phase-leg’s DC-link voltage. For a good design, Ceq
should be much smaller than the output capacitance of the SiC
MOSFET. Based on the design in this article, the energy loss due
to the charge and discharge of C; — C'5 is 2.5 uJ each cycle.
The switching energy loss for each switching cycle of the SiC
MOSFET is 1.31 mJ (see Fig. 19). C; — Cs, therefore, contributes
to less than 0.2% of the total switching power loss.

The power loss of the VIC is generated when there is current
flowing through Ri;, R,, and Q2. When SiC MOSFET’s V, is
high, Q- conducts the current and the VIC generates the dc
power loss. When SiC MOSFET’s V5 is low, Qs turns OFF and
VIC does not generate power loss. Because of this, the power
loss is a function of the duty cycle of the phase leg. On the other
hand, the power loss on R, due to iyq is eliminated because
ijnj cancels igq. Because of VIC’s low switching current and
voltage, the Os’s switching power loss can be ignored. Because
of this, the power loss is mostly from the dc power loss when
Q- conducts currents. If the duty cycle of the phase leg is D, the
power loss Pyic is

Im@2(Vwsmax — Ving2)

Pyic= (1-D) ( % gmaa s VCC) . (64

IfDis 0.5, V.. is 15V and V4 is 500 V, the maximum Pvc
will be 6.4 W. Since the phase leg processes a power of 15 kW
(500 V/30 A), the power loss only sacrifices 0.042% efficiency.
Furthermore, it will be shown in Section V that, due to the
cancellation of the Miller plateau, the switching speed of the SiC
MOSFETs is greatly increased. As a result, the switching power
loss with the MCCT circuit is much lower than that without the
MCCT applied.

The power loss of the MCCT is mainly on R;,j and I, s0 Ry
and R, should use power resistors. The MCCT power devices
can share the heatsink with the SiC MOSFETs for heat dissipation.
In this article, the MCCT is mounted on the copper plate of the
printed circuit board (PCB) for heat dissipation, as shown in
Fig. 14. The thermal performance will be verified in Section
V-B.

V. SIMULATION AND EXPERIMENTAL VERIFICATION

The simulation and experiments are carried out in a phase-leg
configuration, as shown in Fig. 1. The parameters are listed in
Table II.
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Fig.9. Simulated Vs waveforms of the bottom switch during the top switch’s
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Fig. 10. Simulated V45 waveforms of the bottom switch during the bottom

switch’s (a) turn-ON transient and (b) turn-OFF transient.

TABLE II
PARAMETERS USED IN SIMULATIONS AND EXPERIMENTS

Parameter Part No. Value/name
C, 8.2 pF
C, Cgq 0of Q1+ 300pF external capacitor 400 pF
Cq Cg 0f Q1 + 300pF external capacitor 475 pF
C, 1.0 nF
Cs Cg0f Q1 150pF
Rinj 10 Q
Ry 750
Cinj 6.8 nF
Ql IRLMS1503 VSC MOSFET
Q2 IRLMS1503 VIC MOSFET
M1, M2 SCT3060AR SiC MOSFETs
D1, D2 IDH20G120C5 SiC Schottky diodes
Drivers 2SCO0108T2Dx Commercial drivers

A. Simulations

The double pulse test simulations were first conducted in
Ansys Simplorer. The models of the power semiconductor
devices are generated with the device characterization tool of
the software. Four switching transients are simulated. The gate
driver voltage is Vi = 15V for the turn-ON process and V, =0V
for the turn-OFF process. The simulations were conducted under
a 500 V/30 A condition. The gate resistor R is 15 2. During the
top switch’s turn-ON and turn-OFF transients, the V,; waveforms
of the bottom switch are shown in Fig. 9. With the MCCT added,
the positive and negative spikes are effectively suppressed by
more than 85% and more than 90%. The V4, waveforms during
the bottom switch’s turn-ON and turn-OFF transients are shown in
Fig. 10. Because of the reduced Miller plateau, the turn-ON and
turn-OFF speeds are increased with the MCCT. The simulation
results verify the analysis in Section III.

In addition, the turn-ON and turn-OFF power losses of the
SiC MOSFET are calculated based on the simulated waveforms.
Because of the reduced Miller plateau, the SiC MOSFET’s turn-ON
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Fig. 11.  Full-bridge LLC resonant converter used in the simulation.
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Fig. 12.  Simulated Vs waveforms for the bottom switch in a full-bridge LLC

resonant converter under ZVS. (a) Without the MCCT. (b) With the MCCT.
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Fig. 13.  Simulated V5 and I; waveforms for the bottom switch in a full-

bridge LLC resonant converter under ZVS. (a) Without the MCCT. (b) With the
MCCT.

and turn-OFF switching power losses are reduced by 23% and
by 54% with the proposed MCCT.

Because SiC MOSFETs may operate in soft-switching mode,
it is worth investigating the MCCT’s impact on soft switching.
The SiC MOSFET’s zero voltage switching (ZVS) or zero current
switching (ZCS) soft switching is usually realized with the help
of body or antiparallel diodes. Because MCCT does not influ-
ence the operation of the diodes, it is expected that MCCT does
not influence the soft-switching operation. Furthermore, because
C,4q only contributes to a small part of the output capacitance of
the SiC MOSFET, in case the output capacitance participates the
resonant switching, the impact is also very small.

The ZVS switching of the SiC MOSFETSs in an LLC resonant
converter is simulated in Ansys Simplorer in Fig. 11 as an
example. The junction capacitance and the parasitic inductance
inside the package are included in the simulation.

As shown in Figs. 11 —13, during the ZVS turn-ON transition,
the drain to source voltage V4, of SiC MOSFET M decreases,
so the Miller current is induced. Without the MCCT, the gate
voltage V,, of M has negative voltage spikes due to the Miller
current. With the MCCT, the negative spikes are greatly sup-
pressed. The SiC MOSFET turns ON after the antiparallel diode
conducts the negative current, so M turns ON as the regular ZVS.
The comparison of the simulated V5 and the drain current I
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Fig. 14.  Phase-leg circuit prototype and the measurement with voltage probes.

with and without MCCT in Fig. 13 validates this. The same
conclusion can also be drawn for the ZCS operation.

In summary, the proposed MCCT has no negative impact
on soft switching. In addition, with the proposed MCCT, the
reliability of the device under soft switching is improved.

B. Experimental Verification

Two identical phase-leg prototypes, one with and the other
without MCCT, are made and tested in a double pulse tester in
Fig. 14. All components used in the MCCT are surface-mounted
components. The footprint of the MCCT is only 5% of the phase-
leg circuit’s footprint. The load of the phase leg is a grounded
2.5 mH inductor. The SiC MOSFETS used in the prototype have a
Kelvin gate connection. A commercial driver (2SC0108T2Dx)
is employed in the experiments with the Kelvin connection to
minimize the effect of the CSI. In the measurement, the probe
tips are connected to the gate and Kelvin source of the SiC
MOSFET package. As a result, the parasitic inductance of the
probe will not generate the measurement error. The active Miller
clamp function of the driver is disabled by disconnecting the
Miller clamp pin. An isolated high-voltage probe is used to
measure V4. Only one probe is connected to the circuit for each
measurement to avoid the interference of the probe impedance
[22]. In this way, both V4, and V4, can be accurately measured.
The drain current of the device is measured with PEM Rogowski
current waveform transducer. The Rogowski coil is wrapped
around the drain terminal of the device package.

The prototypes are tested with 500 V dc voltage and 30 A
load current. Gate resistor R, is 15 € for both top and bottom
switches. The measured V, of the bottom switch during the top
switch switching’s transients is shown in Fig. 15. The measured
V4s waveform when the bottom switch is OFF includes the
crosstalk information between the top and bottom switches.
Fig. 15(a) shows that the positive-induced gate voltage spike is
reduced by 80% with the proposed MCCT. Even with 0 V OFF-
state driver voltage, the gate voltage is still below the threshold
voltage (2.5 V). Fig. 15(b) shows that the negative-induced gate
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Fig. 15.  Measured V4, of the bottom switch without and with the MCCT
during top switch’s (a) turn-ON transient and (b) turn-OFF transient.
Without MCCT With MCCT
600 V i ' 30 600 P 30
L i | Turn-on time Vas i {Turn-on time
' 20 i
4001 Turn-on AW o %
- urn- — ! .
< riw gs 10 &2 & 0=
200t P\ o &820 ! . &
[ - |
S i \l Miller plateau’ ~ ~ i \i Miller plateau &
of : -10 6 i \disappeared -0
P i
" 20 o -20
02 03 04 05 06 07 08 02 03 04 05 06 07 08
time (us) time (us)
(a) (b)
30 600 Turn-off 'y 30
120 14 i 20
400 i Vs
0SS (= T us
Turn-off time 24 i Turn-off time P
0 23200 { g 2
!
110 0“ i -10
isappeared | |

02 03 04 05 06 07
time (us)

(©) (d)

time (us)

Fig. 16. Measured Vg5 and V4 waveforms of the bottom switch during the
bottom switch’s (a) turn-ON transient without the MCCT, (b) turn-ON transient
with the MCCT, (c¢) turn-OFF transient without the MCCT, (d) turn-OFF transient
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Fig. 17. Measured V4, and ig waveforms of the bottom switch during the
bottom switch’s turn-ON transient. (a) Without the MCCT. (b) With the MCCT.

voltage is reduced by 85% with the proposed MCCT. The ex-
cessive negative gate voltage can cause nonreversible gate—oxide
breakdown. By reducing the induced gate voltage, the proposed
MCCT greatly improves the reliability of SiC MOSFETS.

The measured V4, and V4, waveforms of the bottom switch
are shown in Fig. 16. As shown in Fig. 16(b) and (d), the Miller
plateau in V,, waveform is canceled with the MCCT. As a
result, the turn-ON and turn-OFF speeds are increased with the
proposed MCCT. The measured V4, and iy waveforms of the
bottom switch are shown in Figs. 17 and 18. Fig. 17 shows
that the MCCT increases the turn-ON speed by 20%. Fig. 18
shows that the MCCT increases the turn-OFF speed by 50%.
The switching energy loss during the turn-ON and turn-OFF
transients is calculated by integrating Vs%4. As shownin Fig. 19,
both turn-ON and turn-OFF switching energy losses are reduced
with the proposed MCCT due to the increased switching speed.
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The turn-ON switching energy loss is reduced by 17%, and the
turn-OFF switching energy loss is reduced by 60%. The total
switching energy loss is reduced by 45% in one switching period.
If the switching frequency is 100 kHz, the proposed MCCT can
reduce switching power loss from 131 to 72 W. Even with the
6.4 W power loss of the MCCT, the total power loss is still
reduced by 53 W (40%). With the reduced switching power
loss, the SiC MOSFET with the proposed MCCT can operate at
higher frequencies. The test results in Figs. 15-19 have good
agreement with the analysis.

To demonstrate that the proposed MCCT can work efficiently
at different voltages and currents, the induced positive and
negative gate voltage spikes are measured at different dc-link
voltages from 30 to 500 V while the load current is 30 A. The
results are shown in Fig. 20. As shown in Fig. 20, the positive
and negative gate voltage spikes increase as the dc-link voltage
increases. This is because the switching speed increases when
the dc voltage increases. With the proposed MCCT, the gate
voltage spikes are much smaller than those without MCCT at
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Fig. 22.  Switching energy loss comparisons under different dc voltage and

load currents. (a) dc voltage of 500 V and load current from O to 30 A. (b) Load
current of 30 A and DC-link voltage from 30 to 500 V.

different dc voltages. In the next step, the gate voltage spikes
are measured at different load currents from O to 30 A, while
the dc-link voltage is 500 V. The results are shown in Fig. 21.
As shown in Fig. 21, the magnitude of the induced gate voltage
spikes increases as the load current increases. With the proposed
MCCT, the gate voltage spikes are much smaller than those
without MCCT at different currents.

The switching energy loss of the SiC MOSFET is measured
under different voltages and currents. The switching energy loss
for SiC MOSFET under the 500 V dc and various load currents
is shown in Fig. 22(a). The switching energy loss of the SiC
MOSFET under 30 A load current and various dc voltages is shown
in Fig. 22(b). As shown in Fig. 22, the SiC MOSFET with the
proposed MCCT has much smaller switching energy loss under
different voltage and current conditions than the SiC MOSFETS
without MCCT. At low dc voltage and light-load conditions, the
reduced switching energy is not as significant as under the high
dc voltage and high-current conditions. This is because when the
DC voltages and load currents are low, the total switching energy
loss is small even without the proposed MCCT. It is, therefore,
concluded that the benefit of the proposed MCCT is significant
under high dc voltage and high load current applications.

The prototype with the proposed MCCT is applied to a three-
phase motor drive inverter, as shown in Fig. 23(a), to evaluate
its performance under continuous operations. The three-phase
motor drive is driven by an sinusoidal pulse width modulation
(SPWM) control signal. The OFF-state voltage of the driver is
—8 V to avoid shoot through. The output voltage of the phase leg
is shown in Fig. 23(b). The temperature of the MCCT circuit is
measured with a thermal camera. Fig. 24 shows that the highest
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Fig. 23.  Testing the MCCT in a three-phase motor drive under continuous
operation. (a) Three-phase motor drive topology. (b) Vs waveform.
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Fig. 25.  Measured Vs of the bottom switch during the top switch switching
transients under continuous operation. (a) Top switch turn-oN. (b) Top switch
turn-OFF.
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Fig. 26. Measured V;;, during switching transients under continuous opera-
tion. (a) Turn-ON transient. (b) Turn-OFF transient.

temperature of the MCCT under continuous operation is less
than 80 °C, so there are no thermal concerns.

Figs. 25 and 26 show the measured induced gate voltage and
the drain to source voltage waveforms of the bottom switch
under the continuous operation. The temperature of the MCCT
in this measurement is 72 °C. Under continuous operation, the
proposed MCCT reduces the positive gate voltage spikes by 70%
and negative spikes by 71.4%. The turn-ON speed is increased
by 12%, and the turn-OFF speed is increased by 60% with
the MCCT.
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VI. CONCLUSION

This article proposed an MCCT for SiC MOSFETs in a phase-
leg configuration. The proposed MCCT cancels the effects of
Miller capacitance by injecting a mirror cancellation current.
The nonlinearity of the Miller capacitance is compensated with
atwo-stage gain solution. The design technique for the proposed
MCCT is also discussed. It has been validated with both simula-
tions and experiments that the proposed MCCT can effectively
reduce crosstalk, eliminate Miller plateau, increase switching
speed, reduce switching power loss, and may improve SiC
MOSFET’s reliability. The proposed MCCT can easily work with
most of the commercial drivers.
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