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Analytical Model to Study Turn-OFF Soft Switching
Dynamics of SiC MOSFET 1n a Half-Bridge
Configuration

Shamibrota Kishore Roy

Abstract—Switching transients of SiC MOSFET are fast com-
pared to its Si counterpart. Fast switching transient reduces switch-
ing loss but may induce prolonged oscillations, spurious turn-
ON, high device stress, and electromagnetic interference (EMI)-
related issues, etc. In soft switched converters, use of external
drain source capacitance can reduce these adverse effects along
with the reduction in switching loss. However, the selection of
external drain source capacitance is not straightforward. A large
external capacitance reduces switching loss, (dv/dt), (di/dt),
and transient over-voltage but may also result in higher dead-time
loss and reduced switching frequency. This article presents an an-
alytical model that captures the soft turn-OFF switching dynamics
of SiC MOSFET using parameters obtained from device datasheet
along with the values of external circuit parasitics. Unlike linear
approximation, a nonlinear channel current model is used along
with a comprehensive model of transfer capacitance. The effect of
external gate drain capacitance is also considered. This leads to a
better estimation of switching transition time, actual loss, (dv /dt),
(di/dt), and transient over voltage. Also, a method to select an
optimal value of external drain source capacitance is presented.
The proposed model is validated through behavioral simulation
and experiment for two 1.2-kV discrete SiC MOSFETs.

Index Terms—Dead-time, double pulse test (DPT), EMI,
modeling, SiC MOSFET, soft switching, turn OFF , zero voltage
switching (ZVS).

NOMENCLATURE
Vin Threshold voltage.
K, Saturation region transconductance.
Ky Ohmic region transconductance factor.
0 Transverse electric field parameter.
Py Pinch-off voltage parameter.
Rgint Internal gate resistance of SiC MOSFET.
Rgext External gate resistance.
Ry (driver) Gate driver internal resistance.
Vi, Ve Positive and negative gate supply voltage.
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T} Fall time of gate supply voltage.
Vgs,Vds,Vqg  Gate source, drain source, and drain gate volt-
age of SiC MOSFET.

Cys, Cas, Cyqq  Gate source, drain source, and gate drain capac-
itance of SiC MOSFET.
Coxd Gate source part of oxide capacitance of SiC

MOSFET.

1. INTRODUCTION

UPERIOR switching, conduction, and thermal perfor-

mance of SiC MOSFET enable designers to increase the
switching frequency of SiC MOSFET-based hard switched con-
verters by 5-10 times compared to state-of-the-art Si IGBTSs
based converters (5-10 kHz — 50-100 kHz) [1]. To further
increase the switching frequency, zero voltage switching (ZVS)
topologies are used [2]. Turn-ON switching loss is negligible in
ZVS topologies and total switching loss is primarily contributed
by the turn-OFF loss [3], [4]. It is well established in the literature
that the hard turn-OFF switching loss of SiC MOSFET is small
compared to the turn-ON loss [5]. However, for high values of
load current and high switching frequency, hard turn-OFF loss
can be significant [6].

Small gate resistance will lead to fast switching transient and
reduced turn-OFF switching loss. However, the value of mini-
mum gate resistance is limited by the internal gate resistance of
the SiC MOSFET, the gate driver peak current rating and the damp-
ing of the gate circuit. Also, fast switching transient of SiC MOS-
FET excites circuit parasitics that can lead to sustained oscilla-
tion, high transient over-voltage, spurious turn-ON, EMI-related
issues, etc. [7]-[9]. In order to achieve both the objectives of
reduced switching transient and lower turn-OFF switching loss,
capacitor-assisted zero voltage turn-OFF or soft switching turn-
OFF of SiC MOSFET s in a half-bridge pair is considered [10], [11].

Addition of external drain source capacitance results in re-
duced transition rates but prolongs the switching transition. This
may lead to larger dead-time to avoid premature turn-ON of the
complementary device and subsequent reduction in switching
frequency. For dc—dc or dc—ac converters that experience vari-
able load current, dead-time needs to be set for a lower load
current value to avoid premature turn-ON. It is noteworthy that
the body diode of the complementary device conducts for a
fraction of dead-time and the forward drop of the body diode
of SiC MOSFET is higher if compared to Si diode [12]. So, for a
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fixed and relatively large dead-time, the conduction loss in the
complementary device may be significant when the load current
is high. This is called dead-time loss and it increases linearly
with switching frequency. So, the selection of an optimal value
of external drain source capacitor is important.

Switching transient study is broadly classified into two cat-
egories: simulation and experiment. Experimental approaches
like double pulse test (DPT) is inaccurate as it is not pos-
sible to experimentally determine the switching loss through
measurement due to the presence of device and circuit par-
asitics [13], [14]. Also, the measurement of device voltage
and current is challenging as the probe introduces parasitic in
the power and gate loops [15]. Calorimetric measurement is
another experimental approach [3], [16]. However, it requires
different circuit configuration alongwith a specially designed
and calibrated thermal setup [16]. Typically, these setups are
not available in a regular converter development laboratory.
In general, experimental measurements may be erroneous and
the experimental setups are not available in the early stages of
converter design.

Physics-based model [17], [18] and behavioral model [19],
[20] are both simulation-based approaches. Physics-based
model is accurate but requires sophisticated software, longer
simulation time, and values of internal device parameters those
can not be extracted easily from the device datasheet. The
behavioral model is another simulation based approach and it
can also capture the switching transients with sufficient ac-
curacy [19], [20]. However, it is challenging to simulate the
behavioral model in circuit simulators like MATLAB/Simulink
due to nonlinearity of the device characteristics, and it often
suffers from the convergence problem [21]. The device man-
ufacturers provide Spice-based behavioral models. However, it
is not possible to verify the soft switching criteria and obtain
actual switching loss due to the inaccessibility of internal device
variables (e.g., channel current). Also, the behavioral simulation
does not provide insight into the switching process and applying
it for a large number of operating points is time consuming.

Analytical modeling approach is derived from the behavioral
model through approximations. This approach provides insight
into the switching process and overcomes most of the short-
coming of previously stated models. Analyical models are fast
compared to behavioral model and provides results accurate
enough for the early stages of power electronic converter design.
Moreover, it can be coded in open-source software like C,
Python, etc. Analytical model for Si MOSFET [7] is notapplicable
for SiC MOSFET due to difference in device characteristics [22],
[23]. Also, the impact of external circuit parasitic is significant
for SiC MOSFET due to fast switching transient [24]. Analytical
model for hard switching dynamics of SiC MOSFET has been
proposed in [14], [24]-[26] but this study is not directly appli-
cable for capacitor assisted soft turn-OFF switching dynamics.
Analytical modeling approach to study soft turn-OFF switching
dynamics of SiC MOSFET has been adopted in a number of earlier
works [6], [8], [27].

Among these works, no external drain source capacitance is
considered in [27]. The external drain source capacitance in soft
switched converters can significantly reduce turn-OFF switching
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loss, transition rates, and transient over-voltage (case study is
provided in the Appendix). [6], [8] considers the external drain
source capacitance in the analysis. However, these models are
not accurate enough to study different aspects of soft turn-OFF
switching transient and optimal external drain source capaci-
tance design. Section II presents the limitations of the models
given in [6] and [8] on the mode by mode basis.

This article presents an improved analytical model to study
the soft turn-OFF switching dynamics of SiC MOSFET in presence
of an externally inserted capacitor. It is based on the behavioral
model given in [24]. The proposed model overcomes most of the
limitations of [6] and [8] and results in an accurate estimation of
transition time, actual loss, (dv/dt), (di/dt), and transient over
voltage for a given operating condition, device, and external cir-
cuit parasitics along with the external drain source capacitance.
Itis also used to estimate the minimum external capacitance nec-
essary to achieve soft switching at a given operating point. Also,
a method to select an optimal external drain source capacitance
is proposed that ensures soft switching over a given range of
operating conditions and limits the maximum turn-OFF voltage
slope. It also helps to estimate worst case switching loss and
design dead-time. Simulation of behavioral model, along with
experimental results verify the accuracy of the proposed model.
A new mode termed as “Channel current collapse” is observed
in addition to these three distinct modes (delay, voltage rise, and
current fall) seen in hard turn-OFF of SiC MOSFET [24].

This article is arranged in the following order. A mode by
mode comparison of the proposed model with the existing
models is given in Section II. In Section III, details of behavioral
model to study turn-OFF switching transient of SiC MOSFET is
discussed. The proposed analytical model to study soft turn-OFF
switching dynamics of SiC MOSFET is given in Section IV.
Details of the experimental setup are provided in Section V
and simulation and experimental results have been given in
Section VI. A method to select the optimal value of external
drain source capacitance is discussed in Section VII. Finally,
Section VIII draws the conclusion.

II. PRIOR ART

This section presents mode by mode details of the analytical
approaches present in existing literature for the turn-OFF dy-
namics of SiC MOSFET along with their shortcomings and the
improvements done by the present work.

To understand the turn-OFF transient, a half-bridge configura-
tion is considered with devices Q1 and () 5. Input is connected
to a dc voltage source Vg, and output load is ideal current sink
Iy (see Fig. 1). Illustrative waveforms of soft and hard turn-OFF
switching transients are shown in Fig. 1(a) and (b), respectively.
During the turn-OFF switching transition, () g is turning OFF and
load current [ is commuting from @) p to the body diode of Q7.
vgs and vg, are, respectively, the gate-source and drain-source
voltage of @ g and iqc; ich are, respectively, the dc bus current and
channel current of @ p; and vgs(7) represents the drain-source
voltage of Q7. InFig. 1(a), icn(t) collapses to zero before vgy(r)
reaches zero value, whereas in Fig. 1(b), vqs(1) reaches zero
value before i.,. The first scenario [see Fig. 1(a)] is defined as
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TABLE I
MODE WISE DISCUSSION ON EXISTING LITERATURE
Mode References Assumptions Limitations
e Channel current is fixed to load current. e Channel current may fall significantly below load current.
e Drain-source voltage is clamped to a small e Consideration of drain-source voltage remaining constant
on-state drop. leads to inconsistency at the boundary of ohmic-saturation region.
Delay [6], [8] e A constant gate-drain capacitance is considered o As the drain-gate voltage is negative for a significant portion
corresponding to a small on-state drain source voltage. | of the delay period, the gate-drain capacitance is much higher than
e A step change in gate supply voltage results in the value used in existing analysis and results in incorrect estimation
a exponential fall of gate-source voltage. of delay time.
e Dynamics of this mode has not been analyzed. e Most of the switching loss occurs in this mode and it can not
61 e External drain source capacitance is directly be estimated using this analytical model.
connected across the drain source terminal of e Results in inaccurate estimation of minimum external capacitance
the SiC MOSFET (see Fig. 2(a)). for soft switching and actual loss.
Channel current
collapse e In this mode, SiC MOSFET is in saturation e Channel current of SiC MOSFET in saturation is highly
region and channel is modelled as a linear function non-linear function of gate-source voltage. Consideration of linear
[8] of gate-source voltage. channel current approximation will underestimate the switching loss.
e Coupled dynamics of gate and power circuit is e The external gate drain capacitance contributed by PCB
considered. layout, slows down the rate of fall of channel current.
e Current through the output capacitance of the
SiC MOSFET is assumed to be constant. o Current through the output capacitance of SiC MOSFET is
[6] e The voltage rise time is calculated by dividing not constant during voltage rise period and results in inaccurate
Voltage rise the charge stored in output capacitance by average estimation of voltage rise time and (dv/dt).
current flowing through it.
8] e Fully coupled dynamics of gate and power e During this mode, the impact of gate circuit is minimal and
circuit is considered without any approximation. simplified expression of voltage rise time and (dv/dt) can be obtained.
161 o This mode has not been solved in this model. e Time perlo'd of this mode, (di/dt) and transient over-voltage
. can not be estimated
Drain current
fall . e Similar to voltage rise, the impact of gate circuit is minimal and
e Fully coupled dynamics of gate and power R X . 11 e ; .
[8] Lo . . I simplified expression of current fall time, (di/dt) and transient over-
circuit is considered without any approximation. .
voltage can be obtained.
I II III IV I I 1V
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Vae ~Vin TV
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(a‘;f f (b;f f Fig. 2. Equivalent circuit model for behavioral model: (a) model given in

Fig. 1. Piecewise linear turn-OFF transition waveforms: (a) soft switched; (b)
hard switched.

soft turn-OFF and the later one [see Fig. 1(b)] is defined as hard
turn-OFF. It can be observed that unlike hard turn-OFF, which has
three different modes (delay, voltage rise, and current fall), soft
turn-OFF has four different modes: Mode I to IV, respectively.

Mode I (Delay): After gate supply is turned OFF, v reduces
and MOSFET remains in ohmic region. This mode ends when the
MOSFET enters into the saturation region.

Mode II (Channel Current Collapse): This mode starts when
the MOSFET enters into the saturation region and ends when 7.y,
collapses to zero.

Mode 11 (Voltage Rise): This mode starts when i, collapses to
zero and ends when the free-wheeling diode of Q) gets forward
biased.

Mode IV (Drain Current Fall): Drain current fall period starts
after the free-wheeling diode of Q)1 gets forward biased and
ends when 74, reaches zero.

the [6]; (b) model used in this article.

The assumptions made by [6] and [8] and resulting limitations
in mode by mode basis are summarized in Table I. The proposed
analytical model aims to overcome the shortcomings of the
existing models to provide a better estimate of turn-OFF transition
time, switching loss, (dv/dt), (di/dt), and transient overvoltage.
The improvements done by the proposed analytical model is
given in Table II on the mode by mode basis.

III. BEHAVIORAL MODEL

To analyze the soft turn-OFF switching dynamics of SiC
MOSFET, a half-bridge configuration is considered [see Fig. 3(a)],
where Q7 and ) g both are SiC MOSFET. () g is the active device
and Qr is used as synchronous MOSFET. Input is connected to
an ideal dc voltage source Vg, and the output inductive load is
modeled as a current sink /. SiC MOSFET is modeled as a three
terminal device with external terminals gate (¢'), drain (d') and
source (s"). Cey is the external capacitance connected directly
across the d' and s’ nodes of both the MOSFET s. vgg is the
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TABLE II
MODE WISE IMPROVEMENTS DONE BY THE PROPOSED ANALYTICAL MODEL

Mode

Improvements

Delay

e Coupled dynamics of gate and power circuit is considered.

e A comprehensive channel current model is used that captures a gradual transition from ohmic to saturation region and the
transverse electric field effect in SiC MOSFETSs [22], [23].

e A detailed model of the transfer capacitance, appropriate for SiC MOSFETSs [28], is used.

[ ]
Channel current .
collapse °

[ ]

A better channel current model, modified square law [22], [23], is used.

The external drain source capacitance is connected after the lead inductance (see Fig. 2(b)).

The effect of external parasitic gate drain capacitance is considered here which has a significant impact in this mode [7].
A reduced order model compared to [8] with better accuracy is presented.

Voltage rise | o

A simple closed form expression of voltage rise time and (dv/dt) is provided.

Drain current fall | e

Similar to voltage rise, simplified closed form expression of time duration, (di/dt) and transient over-voltage is provided.

G/’d’(emf,)
Ryext f‘( ’
9(1) Qe
Verp * ia
Cg’dl’;u t) d
Ryext C ien
\{eTe 9 Qpla (vgssvas) 71~ Cas(vas)
el
Ver [
is
ige ¢ ﬁ Lac *% J
§
(a) (b)
Fig. 3. Circuit configuration for soft turn-OFF switching transient analysis: (a)

Half bridge configuration. (b) Equivalent circuit model of SiC MOSFET.

applied gate driver voltage, which has two levels, Vg and Vgg,
respectively. When the gate signal is removed, vgg changes from
Voo to Vgg with a fall time T'. Ry is the total external gate
resistance, which is the summation of the gate driver’s internal
resistance and external gate resistance.

The equivalent circuit model or behavioral model of the SiC
power MOSFET is shown in Fig. 3(b). Ry is the internal gate
resistance of the MOSFET. Channel current i, = 0 for vy, <
Vin (cut-off). For vgs < (vgs — Vin)/Pur and vgs > Vi (ohmic),
ich 1 modeled as (1). For vgs > (vgs — Vin)/ Py and vgs > Viy
(saturation), 7., is modeled as (2). Note, the resistive drop of the
drift region needs to be subtracted from the drain source voltage
of the output characteristics given in the datasheet before curve
fitting. All the parameters are temperature dependent and have
been extracted for the data given at 25°C.

ich(vgsa Uds) ~

y—1
KKy | (vgs — Vin) vas — vt (vgs — th)z’y vy,
(14 0(vgs — Vin))
(D
; Kp (vgs — Vlh)2
C S ~ . 2
ien(vgs) 2T+ 00y — V) 2)

TABLE III
EXTERNAL CIRCUIT PARASITICS

Lgc Power loop inductance

Ly Drain inductance of SiC MOSFET

L Common source inductance of SiC MOSFET
Cyrar (ewt) Gate- drain parasitic capacitance

Cys is modeled as a constant capacitance, whereas Cyq and Cly;
both are nonlinear functions of vg4, (3) and vy, (4), respectively.

k
Coxdk%7 —00 < gy <0
1
4 1/2 ’ 0< Vdg < V;td
Cya(vag) = <1 ) Ths 3)
! 1/4° V;fd < Vdg < 00
(1 4 Vg — th)
ks
k
Cas(vas) = . “)

12"
Vds
1
< * k’?)

The top MOSFET is modeled as a nonlinear voltage dependant
capacitor Cygs in the reverse biased condition and it is a function
of drain source voltage vgy(7y of Q7 (5). When the body diode
of the top MOSFET gets forward biased, it is modeled as an ideal
diode with zero voltage drop (vgs(7) ~ 0) across it. ks and ko
can be obtained using (5) through curve fitting. Details of device
modeling is provided in [24]

ks

1/2
Vds(T)
1 Pk Sl
( * kg >

Due to the fast switching transition, external circuit parasitics
play a significant role in switching dynamics. External circuit
parasitics are L, L, Lg., and Cg’d’(ext) (see Table III). L, and
L are mainly contributed by the wire-bond and lead inductance
of drain and source terminals of the MOSFET, respectively, and
considered to be same for both ()7 and () g. This model will be
still valid if the inductances for Q1 and Q) g are different. Lg
is the summation of the dc bus inductance and the connection

CVoss('Uds(T)) = (5)
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Fig. 4.
switched.

Simulation waveforms of C2M0080120D: (a) Soft switched. (b) Hard

inductance between the MOSFETS. L is the parasitic inductance
common to both gate and power circuit loop, whereas L, and
Ly are part of only power circuit loop. C'yq(exy) s the external
parasitic capacitance between ¢/, d’ nodes. Circuit parasitic
values get impacted due to both device package as well as PCB
layout.

Simulated waveforms using behavioral model are plot-
ted for SiC MOSFET C2MO0080120D from Wolfspeed in
Fig. 4(a) and (b) for parameters (Vic, o, Rgext; Cext) €qual to
(800V, 20A, 2.5§2,470pF) and (800V, 20A, 8.5¢2, 100pF), re-
spectively. Device and the external circuit related parameters
used for simulation are listed in the experimental setup section.
Extracted waveforms from the simulation are vy, Vs, Vds(T)>
i, e, and i.5,. Time evolution of gate source vy (t) and inter-
nal drain source voltage vy, (t) along with the channel current
ich(t) during switching transitions are important for the study of
switching dynamics and switching loss estimation. Due to the
presence of Lg, L, Ryint, Cexe and device parasitic capacitances,
it is not possible to measure these waveforms experimentally.
The measurable waveforms are vy (t), Voo (t), and i4.(£) (see
Fig. 3). Actual switching loss in the MOSFET is given by (6) and
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the measured loss is given by (7), where T is the turn-OFF
switching transition time. It can be observed from Fig. 4(a)
that i¢, collapses to zero before vy, (1), Whereas v ,(r) reaches
zero before i, in Fig. 4(b). It is self evident that the actual
switching loss for the first case is small compared to the second
case. In this, the turn OFF switching transition is considered
to be soft switched when i, collapses to zero before vqy(T).
Using this definition, turn-OFF switching transient of Fig. 4(a)
is soft switched, whereas switching transient of Fig. 4(b) is hard
switched

Toft
Eor = / Vas(T)ien(T)dT ©)
0

Tosr
éff = / Vs (T)idc (T)d’]’. (7)
0

IV. ANALYTICAL MODEL AND ESTIMATION OF MINIMUM
EXTERNAL CAPACITOR FOR SOFT SWITCHING

At first, an analytical model to study the soft turn-OFF switch-
ing dynamics of SiC MOSFET is proposed. Then, this analytical
model is used to estimate the minimum external drain source
capacitance (C’ext(min)) required to meet the soft switching con-
dition for a given operating condition.

A. Analytical Model

The objective of this section is to analyze the turn-OFF soft
switching dynamics of SiC MOSFET and accurately estimate
transition time (T4), actual switching loss (Eoafr), (dv/dt)o,
and (di/dt)of rates and transient overvoltage (Vgs(maax)) for
a given operating condition (Vg., Ip), gate driver parameters
(VEE, VGG, Rgext), datasheet-related parameters of the devices
(Vin, Kp7 Kf, 0, Rgint, Cgs’ ng(vdg)v Cas ('Uds)’ Coss (Uds(T)))
and the value of external capacitor Cey. High value of Ciey
helps in reducing (dv/dt)es, (di/dt)en rates and Eo but Tog
increases. This may lead to the larger dead-time selection, higher
dead-time loss, and a compromise on switching frequency. So,
the selection of optimum Cyy; is important that keep a balance
between the achievable (dv/dt)or, (di/dt) rate, Tog, and Eo.
The external circuit parasitics (Lqc, La, Ls, and Cy g (ex)) can be
approximately estimated from package information and electro-
magnetic simulation [20] or experimental measurements [29].
T is neglected to reduce the complexity of the analysis and a
step voltage change of vg¢ is considered.

Soft switching turn-OFF transient of SiC MOSFET can be
broadly divided into four modes: 1) Mode I (delay period),
2) Mode II (current collapse period), 3) Mode III (voltage rise
period), and 4) Mode IV (ringing period) (see Fig. 4). t1, ti, tnr,
and v are the time period of Mode I to Mode 1V, respectively.

1) Mode I (Delay Period): At the start of Mode I (delay
period), vy, is equal to Vg and the full load current I is flowing
through the SiC MOSFET, s0 iq. = iq = is = Io (see Fig. 3). Qp
is in ohmic region and vgs = Vis(on) = LoRon, Where Ry is the
ON-state resistance of the SiC MOSFET. ()7 is in cutoff region and
itis blocking voltage vgs (1) ~ (Vae — IoRon)- When the gate is
turned OFF, the gate driver voltage vg g will change from Vi
to Vgg (see Fig. 5).
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Fig. 5. Equivalent circuits of Mode I.

Sub Mode A Sub Mode B

(1/40)xvas(r)2(1/40) X‘/:Idc‘_l

1 8 12

Fig. 6.  Simulation waveforms of Mode I.

The primary assumption of this mode is 74 ~ I¢. This approx-
imation holds good because of the change in vy ¢ during Mode
I is small and the presence of comparatively large inductance
in power loop (Lg.) restricts the change in power circuit state
variables (igc and vy g (1)). SO, igc and vy () remain almost
constant to their initial values (see Fig. 6). For the entire Mode
I, @p is in ohmic region, so 4., is a function of both vy, and
vas, (1). As vg4gy is small during this mode, Cyq(vyq) is large
compared to the external parasitic capacitances Cyq (ex) and its
effect can be neglected. Fig. 5 represents the equivalent circuit of
this mode, where R, = (Rgexi + Ryini). Mode 1 is divided into
two submodes, 1) Sub Mode A and 2) Sub Mode B, respectively,
(see Fig. 6).

Sub Mode A. During Sub Mode A, vg¢ changes from V¢ to
Ve g instantaneously. KCL at g, d, and d’ node of Fig. 5 gives
(8), (9), (10), respectively. Applying KVL in the gate loop, we
get (11). KVL in the loop formed by node ¢, d, sand d’, d, s, s’
gives (12) and (13), respectively. During this sub mode vg, < 0,
s0 Cgq(vag) = Coxa, (3). Applying KCL at node s’ and using
(10), we get (14). As (diy/dt) < (dig/dt) except for the small
initial period, so (dis/dt) ~ (diq/dt)
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. . dvd dvds
(tg —ien) = ng(vdg)# + Cas(vds) 7 9
T = i+ Cog 202 (10)
0= 1% ext dat
) dis
Ve = Rgzg + vgs + LSE (11)
Vgs = Vgd + Vds (12)
1d dis

/9/ = s L h— Lgi 1
Vg = Vgs + a + L. 7 (13)
iy = g +ig. (14)

From (13) with approximation (dis/dt) ~ (diq/dt), we get
(15). Using (8), (9), (11), (12), and (15) with Cyq(v4g) = Coxds
we get (16) and (17), where the expression for ich(vgs, Vds)
and Cgs(vgs) are given in (1) and (4), respectively. (dvg,/dt)
and (dvgs/dt) are of comparable magnitude and the gate and
the power circuits are fully coupled through L, and Cyq(vqg).
Time evolution of the four state variables of this submode (vys,
Vgs, Vas and ig) is obtained by solving (10), (15), (16), and
(17), respectively, as shown at the bottom of the next page.
This forms a set of coupled nonlinear differential equation and
finite difference technique is employed for solution. The initial
conditions are vys = Vag, Vas = Vars & IgRoy and ig = Iy

dig Vd's' — Vds
— x| — 1
dt ( La+ L, ) (15)
dvgs
dt
id - ich Ls (Ud’s’ - 'Uds)
Vip + RyCoya | =2 )y, — 2o = Tds)
e+ 9o <Ooxd + Ods (vd5)> Yo Ld + Ls
R,C?
R (C s C _ 9~ oxd
( g( g + OXd) Coxd + Cds(vds)>
(16)

Sub Mode A ends when vgs = v4s Or v4y = 0 and ;4 is the
time duration of this submode. At the end of this submode vy, =
VgslAs Vds = VdslA’ Va's' = Vd’s’lA and id = IdlA-

Sub Mode B. vq4 > 0 dictates the start of Sub Mode B. Same
approximations of Sub Mode A holds good for this sub mode. So,
the governing equations of Sub Mode A will prevail in this sub
mode. As vg, € [0, V,q) during this sub mode, Cyq(vqy) is no
longer a constant capacitance Cyxq and has a nonlinear functional
dependence on v4, [second expression of (3)]. Reduction in
Cya(vag) as vqg increases brings down the coupling between
gate and power loop through Cyq(vagy). This results in a faster

dvgs dvga fall of 7., compared to Sub Mode A (see Fig. 6). Expressions for
ig = Cys o + Cya(vga) i ®) ich(Vgs, Uas) and Cys(vgs) are given in (1) and (4), respectively.
Ga—ia)+ (Lot N (o, — Lol = Vas)
dvds ¢ h Rg (Cgs + C'oxd) BE 9 Ld + Ls
o~ (17)

((oom + Cas(vas)) —

ngd >
Cgs + Coxd
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Lac

d'(r)
R (Ceat+Cyrar(eat)) Io

idcT
vie D

Y
I~ Cys aPi«h(l'gh) T~Cas(vis) 7= Cont

Fig. 7. Equivalent circuit model of Mode II.
Finite difference method is used to find out the time evolution
of Vgs (t), Vds (t), V' s (t), and id(t).

This submode ends when vysP,; = (vgs — Vin). t1p is the
time duration of this submode. At the end of this submode
Vgs = Vgs1B,> Vas = Vas1B, Vas = Vo1 and 1qg = Ig1p. Fy
quantifies the actual switching loss during Mode I and can be
represented as (18), where t; = (t14 + t1p)

tr
E1:/ Vas (T)ien (7)dr (18)
0

Special Case: For low values of Iy and/or low Rgex,
vasPyy = (vgs — Vin) condition is satisfied prior to the point
where v4s = v4s condition is met. In that scenario, end of Sub
Mode A is defined as the point where v, P, 5 = (vgs — Vin).
During Sub Mode B, Cyq(vag) = Coxa and ich(vgs, vas) is
given by (2). This sub mode ends when vy, = v45. Also, for
very low [y and/or low Ry, icn may collapse during Mode
I and no Mode II will be present.

2) Mode II (Current Collapse Period): This mode starts
when vgs P, > (vgs — Vin) and the SiC MOSFET enters into
saturation region. i, solely depends on vy, [see (2)]. All the state
variables of the gate and the power circuit changes noticeably
during this mode. Effect of Cy g (ex) is considered because of its
comparable magnitude with the internal depletion capacitance
Cya(vag). Fig. 7 represents the equivalent circuit of this mode.
Gate circuit of Q)7 is not participating in the dynamics and
Qr can be modeled as Cos(vas(r)). (La + L) is the total
lead and wire-bond inductance of Q7. (Cext + Cyra(ext)) is the
total capacitance connected across d'(T) and ¢'(7T") terminals of
Qr (see Fig. 7). Equivalent impedance across d'(T") and s'(T")
nodes is denoted as Zp and approximately given by (19) as
Vds(T) =~ Vd's'(T) and Vd's'(T) is close to Ve, Coss (vds(T)) <
(Oext + Cg’d’(ext))

ZT ~ 1 = !

8 (COSS(Uds(T)> + Cext + Cg’d’(ext))

Mode I is divided into two sub modes: 1) Sub Mode C, and
2) Sub Mode D, respectively (see Fig. 8).

Sub Mode C: In Sub Mode C, SiC MOSFET is in saturation
region and v, starts decreasing from its initial value V41 5.
This results in a fast change in i., as in saturation region, 7.
solely depends on vy, which is approximately quadratic in

. (19)
5OT (eq)
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Sub Mode C
800

Sub Mode D
T Uds:(T) ~ vd’s’(I_')

Vars(my2c :
r ° Virsiiry2p)

top

Fig. 8.  Simulation waveforms of Mode II.

nature (2). iq will follow 4, as the total inductance (Lg + L)
of the inner loop (loop formed by nodes d’, d, s, and s) is small.
There is a high frequency oscillation observed both in 74 and
icnh With the frequency of oscillation in the order the resonant
frequency of the LC circuit formed by the L and C' values
of (Lg + L) and (Coss(vas) || (Cext + Cyrar(ext))» respectively.
This high frequency oscillation present in ¢4 and .y, is of higher
order compared to their low frequency variations and can be
neglected. The objective of the analytical model is to capture the
slow variation of these quantities, which results in moderately
accurate estimation of time period and actual loss of this mode.
So, (dig/dt) = (dich/dt). Power loop current 44, cannot change
fast due to the presence of inductance Lg.. v4s increases from
its initial value V51 42 and other state variables i4. and vy (T)
starts changing from their initial values Iy and (Vg. — Ronlo),
respectively. Functional form of internal MOSFET capacitances
Cya(vag) and Cgys(vgs) are defined in second expression of (3)
(as vy € [0, Via)) and (4), respectively. Coss(vas(r)) is defined
in (5) and can be approximated as Coss (Vas (1)) & Coss(Vars (1) )-

KVL in the power loop of Fig. 7 gives (20). Applying KCL at
d'(T) and d’ nodes, we get (21) and (22). KCL at d node gives
(23). Applying KCL at node g and KVL in the gate loop, we get
(24) and (25), respectively.

di
vas = Vae = Vas(r) — Lac— (20)
. d’l}dls/(T)
ige = Io + Cp(eq) (Ud’s’(T))T (21)
. . d'U ' q! d’U /gl
lde = d + Cg’d’(exl) (qu + Cext ddt (22)
. . dvd dvds
iq = Geh + ng(vdg)# + Cds(vds)w (23)
dvgs Vod
ig = Cgs— = + Cgalvag) =5~ (24)
. dvg g dig
VEE = ZgRg + Rgexth/d/(ext) Tgtd + Vgs + LSE (25)

As the drop across Ly and L is small compared to vy and
va s during this submode, vgs =~ vy s and (20) can be approx-
imated to (26). During this submode (dis/dt) = (diy/dt) and
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(dig/dt) =~ (dip/dt).! Also applying KVL in the loop formed
by g, g.d,d, weget(27). (dvyy/dt), (dvga /dt) < (dvgq/dt),
0 (dvgq /dt) = (dvgq/dt). Using (24) and (25) with all the
previously mentioned approximations, we get (29) as shown at
the bottom of this page. From the power loop, rate of change
of voltage at node g is small compared to d, so (dvg,/dt) ~
(dvgs/dt) and (dvgy /dt) = (dvag/dt) ~ (dvgs/dt). Adding
(22) and (23) with the previously mentioned approximation and
Vds = Vqg, WE get (28)

dige
Vas & Vae — Varo (1) — dedfz (26)
Vg d = (Ug’g + Vgd + Udd’) (27)
. . dvgs
(ch - Zch) ~ (ng(vdg) + Cuys (Uds) + Cg’d’(ext) + Cext) at
CB(eq) (Vgs,Vds)
(28)

These set of equations (21), (26), (28), and (29) along with
(2) form a set of coupled nonlinear differential equations. The
state variables are vy (), vas(t), vag () (t), and dgc(t) with ini-
tial values Vgs = Vgs1B>VUds = Vdsle'Ud’s’(T) = (V;lc - IORon)
and ig. = Iy. Sub Mode C ends when vq, = V4. At the end of
this submode Vgs = Vgs2Cs Uds = Vasac, Vars'(T) = Vd’s’(T)ZC
and ig. = lgcac.-

Sub Mode D: SubMode D starts whenvqg > V4. Approxima-
tions of Sub Mode C hold good for this submode also. (21), (26),
(28), and (29) along with (2) dictates the time evolution of the
state variables. Functional form of internal MOSFET capacitances
Cya(vag) and Cys(vys) are defined in third expression of (3) (as
vag € [Vig,00)) and (4), respectively. Coss(vas(r)) is defined in
(5) and can be approximated as Coss(Vas(1)) = Coss(Vars (1))

This submode ends when 7., becomes zero. At the end of this
submode vgs = Vasap, Vas = Vasap = Vasap, (dvgy /dt) =
(dvds/dt) = Vd,’s’2D and ig. = Igeop. tir = (tzc + t2D> is the
total time period of Mode II. E';; quantifies the actual switching
loss of this mode and can be evaluated using (18), where the
integration limit will be zero to ¢;.

Special Case: For low values of Iy and/or low Rgex, tch
collapses to zero in Sub Mode C. In that scenario, there is no
Sub Mode D present.

!(dien/dt) = Kp((vgs — Vin) = (30/2)(vgs — Vin)?).
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L.
Carry 180 o "
~Ceat g'd (ext) Iy ¢
Tcass(vds(T)) S(1)
Vae
- O
(La+Ls)

(Cewt +Cga(eat))

Coss(Vds) g

(@

+ fdl) L

Vars/(T) T Cr(eq) Iy ijT
Is’ T)
d vie

= CB(eq)

s

(b)

Fig. 9. Approximate equivalent circuit model of Mode III.

800

[ Vas(T)~ Uz;l’s’(T)

V)
Current(A)

Voltag

trir

Fig. 10.  Simulation waveforms of Mode III.

3) Mode III (Voltage Rise Period): This mode starts after i,
collapses to zero. Gate circuit of Qg looses its control over
the state variables of power circuit. Switching dynamics of
this mode is solely dictated by the power circuit (see Fig. 10).
Fig. 9(a) represents the approximate equivalent circuit of Mode
III. Using similar argument given in Mode II [see (19)], Fig. 9(a)
can be reduced to Fig. 9(b), where Cr(cq) and Cp(eq) are given
as follows.? Note, this approximation for Q7 will be valid for
most of this mode except toward the end, where vy () ~ 0 and
Coss(Vars (1)) and Cey, are of comparable magnitude. But this is
a small portion of the total voltage rise period and it has been
ignored for the simplicity of the analysis. Fig. 9(b) is considered
as the approximate equivalent circuit throughout Mode III.

Applying KVL in the power loop of Fig. 9(b), we get
(30). KCL at node d'(T") and d' gives (31) and (32), respec-
tively. Using (30)—(32) and substituting vy y(7) and igc, we

ZC’T(eq) ~ (COSS (vd’s’(T)) + Cext + Cg’d’(exl))v C’B(eq) ~ (COSS(Ud’s’) +
Cext + Cg’d’(ext))

39 ('Ugs — V{h)Q
Vee ~ | Ry (Cys + Cgalvdg)) + ReextCyar(exy + KpLs | (vgs = Vin) — 2

dvgs
dt

T1 ('Ugsvvds)

dvds

+vgs_

T2 (Vgs,Vds)

(Rgng(Udg) + Rgexlcg’d’(exl)> W

(29)
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= 045 <
EQ . OE =2 :
— &7 =
T 02 = 1
& 200 400 600 800 E o 200 400 600 800
© vars (V) < vars (V)
(@) (b)
Fig. 11.  (a) (CT(eq) (Ud’s’(T)) H CB(eq) (Ud’s’)) Vs vgr ¢ and (b) (CT(eq) +

CB(eq)) Versus vy o plot of C2M0080120D with Cey = 470 pF.

get a differential equation of vy s (33). Here, first and second
time derivative of Cp(eq)(vas) is neglected as vgy is high
and C’B(Cq) (vgs) remains almost constant with the change in
Vg s . During this mode drop across L. is small compared to
vars and Va's'(T)»> SO Vars/(T) = (V:ic - Ud’s’)' (CT(eq) H CB(eq))
and (Cp(eq) + Cp(eq)) are plotted as a function of vy in
Fig. 11(a) and (b), respectively. Both (Cr(eq) || C(eq)) and
(Cr(eq) + CB(eq)) Temains almost constant with vy and can
be replaced with charge related capacitances given by Cp1 and
Cga, respectively, in the voltage range vy € (0, Ve ). Charge
related capacitance C for a nonlinear capacitance C'(v) in the
voltage interval v € (V, V3) given by (34)

dige

Vars = Vie — Vd's'(T) — deﬁ (30)
. dvd/s’
ige = Io + Cr(eq) (Ud’s’(T))% (€29)]
. d’U ! g!
ige = Cpfeq) (varw) = (32)

d’U3/ / dvd’ / I()
Lac (Creq||CBe ds  — =2 :( )
d ( T( Q)H B( Cl)) 3 dt CT(eq)+CB(eq)
(33)
1 V2
Co = / C(v)dwv. 34
=% (v) (34)

Solving (33) with approximations Cg1 = (Cr(eq) || CB(eq))
and Cga = (Cpeq) + CB(eq))» We get the time evolution of
vas (35)° (dQUdrSI/dtQ)ftzo = 0 is considered as it can not
be estimated accurately from the end of the Mode II (current
collapse period) and in all practical purposes, it has negligible
impact on the switching trajectories of voltage rise period. This
mode ends when vy g7y = 0 and the antiparallel diode of Q1
gets forward biased. But it is difficult to solve for ig.(¢) and
Vs (1) (t) as Cp(eq) and Cp(eq) are functions of vy (1) and
v, respectively. At the end of this Mode, vy s is close to
Vie making C'p(eq) is approximately constant to C’g(eq) 4 Then,
igc(t) is solved using (32) and given by (36). vy (1) (t) is solved

3 1

Swp = ———,
v/ LacCaq
Virgap = 10/Cq2)
wo

I
Ao =Vygap, A= (CO) Ay =
Q2

4C*B(eq) = (Coss ('Ud/s’ = Vdc) + Cext + Cg’d’(ex())'
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d/ ldc

)
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Fig. 12.  Approximate equivalent circuit model of Mode IV.
v
800 F Uds{z Vet ds(maxz) | 20
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trv
Fig. 13.  Simulation waveforms of Mode IV.

from (30) using vy (t) and ig.(t) and given by (37).

Vs (t) ~ AQ + Alt + A2 Sin(u)()t) (35)
iae(t) = Cheq) (A1 + Aawo cos(wot)) (36)
Ud’s’(T) (t) ~ (Vdc — Ao) — Alt + A2A3 Sin(th). (37)

Mode III ends when vg g7y = 0 and time duration of this
mode ty is estimated by equating (37) to zero. At the end
of this mode, vyy = Vygz and ige = Ige3. Also, (dv/dt)e is
approximately given by (Viyss — Vagap)/tm.

4) Mode IV (Drain Current Fall): This Mode starts when
the antiparallel diode of Q7 gets forward biased and vy g (7) ~
0. Fig. 12 represents the approximate equivalent circuit of this
mode and the important waveforms of this mode are given in
Fig. 13. Ly and L of Q1 will be part of power loop inductance
and total equivalent power loop inductance will be Lc(eq) b As
Vgs ~ Vg 1s in the range of Vg, so C' B(eq) 1 almost constant
to C’*B(eq).7 Applying KVL in power loop and KCL at node d’
gives (38) and (39), respectively.

dige

Vars ~ Ve — de(eq)ﬁ (38)
‘ . dugy
1de ~ CB(eq) W (39)

Time evolution of vy is given in (40).® This submode ends
when v4 ¢ reaches its maximum value. Duration of this submode
is denoted by t34 and given in (41). Maximum vgs = vy
overshoot puts a constraint on the maximum allowable Lc(cq)
as it can lead to device failure due to transient over voltage.

SA3 = (LacCly @l = 1)
6de(eq) = (de +Lg+ Ls)'

7C*B(eq) = (Coss(Vars = Viae) + Cext + Cygrar (ext))-
1 de e
8w1 Y e Ay = (Vd’s'S - ‘/110)2 + ( * (ca) )([dC3)2
de(e‘l) CB (eq) B(eq)

6 = tan1 (Vars's = Vae) | “Bea)
Id<:3 de(eq)
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Parameters from device datasheet
e.g. Ryint, Vi (Table IV)

Operating Conditions
Vie,Vac —Vee, lo
Design Variables y
‘-‘ Ryezh Ce;rl Moc

Circuit parasitics
e.g. Ls (Table I11)

Initial Conditions

Pyyvas = (vgs — Vin)

Mode I1

Vas(r) =0,

vas(r)="0, Vas(T)> 0,
ich>0 ich=0 ien=0
Cext <Coert(min)| |Cext=Cext(min)| |Cext>Ceut(min)

Mode 111
Vas(r)=0

idcg 0

Increase Ceyyt

Compute Tofp, Eops,(dv/dt)oyy,
(di/dt)os s, Vis(maz)

Fig. 14. Flowchart of analytical model and Cey(min) estimation.
DC Bus
Capacitor
SiC MOSFET
Gate Driver
Circuit,
Fig. 15.  DPT setup.

Maximum value of vy = Vgsmax) is given in (42)

Vg = ‘/dc —+ A4 sin(wlt =+ ¢) (40)
™
-0
l34 = o (41
Vds(max) = Vi + A4~ (42)

At the end of this submode vy = Vig(max) and ige = 0. t1v
is the total time period of this mode. (di/dt)os is approximately
given by (Iae3/tiv).

Total turn-OFF switching transition time Tof = (¢ + tn +
tur + trv). Total soft switching loss is given by Eor = (Ey +
Ey). (dv/dt)orrand (di/dt)og are given as (Vg gs — Vipsop) /tm
and (Ige3/tv), respectively. Vigmax) represent the turn-OFF
transient over voltage. The flowchart of the proposed analytical
model is given in Fig. 14.

F. Estimation of Minimum External Capacitor for Soft
SWltCI’llVLg (Cext(min))

Soft switching condition is satisfied when vg,(r) = 0 and
ich > 0 at the end of Mode II. At the boundary of hard and
soft switching, both the equalities vg,(7y = 0 and i¢, = 0 will
be satisfied simultaneously at the end of Mode II. So, to find
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out the minimum value of the external capacitor required to
achieve soft switching (Cex(min)) for a given Ve, Rgexi, and o,
an iterative process is followed, where Cey, is increased from
small value and first two modes (Mode I and Mode II) of the
analytical model are solved till the conditions vgy(7) = 0 and
icn = 0 are satisfied simultaneously. The corresponding value
of Cex 18 given as Ceyy(min) (see Fig. 14). Note, the analytical
model is valid only for values of Cext > Coxi(min)-

V. EXPERIMENTAL SETUP

The behavioral model is validated experimentally through
DPT. Two different SiC MOSFETS of 1.2 kV are used, Sl1:
C2M0160120D (19 A @25°) and S2: C2M0080120D (36 A
@25°). Device related parameters extracted from the datasheet
are given in Table IV.

DPT is designed for Vg, = 800 V and Iy, = 30 A. Air
core inductor with L =150 pH is used as the output inductive
load. The values of external circuit related parameters used for
behavioral simulation and the proposed analytical model are
obtained through experiment [29] and given in Table V. Values
of external circuit parameters depend on the package type as well
as layout. For each diode switch pair (S1 and S2), experiments
are conducted for two values of V., five values of I, three values
of Ryey and three values of Cey for each device. This implies
a total 180 different operating conditions. Details of Cey used
for experiment is given in Table VI. All the capacitors are 1 kV
rated.

Opto-isolator IX3180GS followed by a current booster
IXDNG609SI is used to drive the gate of the SiC MOSFET. Gate
driver parameters are given in Table VII and it is common for
both the devices. Negate gate voltage Vgg = —5 V is used as it
is standard for SiC MOSFET. It also helps to reduce T and o
for soft turn-OFF transition when compared with soft turn-OFF
transition with Vgg = 0V.

Experimentally measured signals are vy ¢ (t), vas(t), and
ige(t). Oscilloscope MDO3104 from Tektronix with 1 GHz
bandwidth is used for measurement. vy (t) measurement is
done using a passive probe from Tektronix with 1 GHz band-
width (TPP1000). A high voltage single ended probe from Tek-
tronix (P5100 A) with 500 MHz bandwidth is used for vg g (%)
measurement. Current i4.(¢) is measured using a ac/dc current
probe from Tektronix (TCP0030 A) with 120 MHz bandwidth
and 50 A peak current measurement capability. Matching of
propagation delay between voltage and current signals are done
using a delay matching instrument available from Tektronix
(067-1686-00, Power Measurement De-skew and Calibration
Fixture).

MATLAB/Simulink is used to simulate the behavioural
model. All the experiments are performed at room temperature
(= 25°C).

VI. SIMULATION AND EXPERIMENTAL RESULTS

The objective of this section is to validate the soft turn-OFF
switching dynamics analysis presented in this article through
behavioral simulation and experiment.



ROY AND BASU: ANALYTICAL MODEL TO STUDY TURN-OFF SOFT SWITCHING DYNAMICS OF SiC MOSFET

TABLE IV
DEVICE PARAMETERS EXTRACTED FROM DATA-SHEET (S1: C2M0160120D AND S2: C2M0080120D)

Vin Kp 0 Rgint Cgs k1 ) Via  ka ks ke k7 ks ko
2y Ky Pyy k3
V) (ANVH) T aAmn) @  @FH @hH V) VM @hH v @) V) @F) V)
S1 4.6 1.3 1.54  0.03 0.33 6.5 0.53 0.6 0.2 1.24 12 0.06 0.02 043 55 075 221
S2 5.6 1.6 2.19 0.01 0.4 4.6 095 095 035 0.71 12 0.12  0.025 079 55 1.3 2.34
—Ud’s!(sim) (V) - ch(.szm)(A) —Ug's/(sim) (V)
...... Ud’s’(ezp) (V) ch(ewp) (A) """Ug’s’(ezp) (V)
(600V, 5A, 2.5 Q, 100pF) 5 (600V, 154, 2.5 0, 100pF) (800V, 5A, 7.5Q, 470pF) (800V, 15A, 7.5, 470pF)
=720 :
800 20 800 120
107 400 10" 400 10 400 10
0 o 0 0 0 0 0
20 \\/\Aﬁ 20 20
0 Eicae 0 0
0 20 40 60 0 10 20 30 0 50 100 150 200 0 20 40 60 80 100
t(ns) t(ns) (a) t(ns) t(ns)
(600V, 10A, 2.5Q, 200pF) (600V, 30A, 2.5, 200pF) (800V, 10A, 7.5Q, 750pF) (800V, 30A, 7.5, 750pF)
20 1200 f—Fms] 30 :
10 800 20
400 10
- 0 (o — - 0
20 20K 20f 20§
o \“va O YAl AVAVATAYS 0 R\mw_ﬁ [ERREREETIE. R
0 20 40 60 80 0 10 20 30 40 50 0 50 100 150 200 0 20 40 60 80 100
t(ns) t(ns) (b) t(ns) t(ns)
Fig. 16.  Simulation versus experimental waveforms: (a) S1, (b) S2.
TABLE V A. Validation of the Behavioral Model (Simulation) Through
EXTERNAL CIRCUIT PARAMETERS Experiment and Comparison of Actual Loss and Measured
Loss
Lac Lg Ls Cg'd’ (ext) Ceat 3 )
(mH) (H) (@H) (F) (pF) vg s (t) and i4.(t) are measured experimentally. Results ob-
S1 45 6 6 15 100, 200, 470 tained from behavi'oral. simulation and experiment are plqtted on
S2 45 6 9 15 200, 470, 750 top of each other in Fig. 16 for both S1 and S2 (Four different
operating conditions for each device). Experimental waveforms
match closely with behavioral simulation over the switching
TABLE VI transition period. This observation is seen to hold good for other
INFORMATION OF Cixr 172 operating conditions also. It is noteworthy that there is
a damping effect present in igc(expy during voltage rise period
Cone(pF)  Manufacturer Part No. Dicleciric mostly due to thf.l losses p.rc.asent in hlgh frequency resmFance of
power loop, device parasitic capacitances and Cgy. This could
100 CI206C101KDGAC not be captured by igc(sim) as the behavioral model does not
200 KEMET C1206C201KDGAC C0G ' n )
470 C1206C471KDGAC incorporate the effect of high frequency resistance and the losses
750 C1206C751KDGAC in the device capacitances [30] and Cey,. But this effect is only
visible for low Iy and high Cy and it has minimal impact on
the final parameters estimated using this behavioral model (7,
TABLE VII Eott, (dv/dt) o, (di / dt)ofr, and Vds('max)) and hencs: neglected to
DRIVER PARAMETERS reduce the complexity of the behavioral model. It is noteworthy
that the loss in ESR of Cy; is negligible compared to the loss in
Ver Voc Rgrivery Rgext Ty channel of the SiC MOSFET for most of the operating conditions
V) V) () (€2 (ns) except for small values of 1. Also, ESL of C can be neglected
5 20 0.5 3,458 4 the maximum frequency content of 74, is much smaller that the

resonant frequency of Cey. Hence, the parasitics of Cey has a
negligible impact in switching transient.
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TABLE VIII
COMPARISON OF IMPORTANT INTERMEDIATE QUANTITIES (SIMULATION AND ANALYTICAL)

Mode I Mode II Mode I1I Mode IV
dv di
Vasip  IeniB tr E; | Vasap  Vwsap  trr Err | tror i trv  Vis(maz) o
V) (A) (ms)  (u) | (V) V) (s)  (uJ) | (ns) off | (ns) V) off
(V/ns) (A/ns)
S Sim 1022 703 1117 031 | 123. 1166 751 067 | 39.33 16.42 732 875.05 057
(800V, 10A, 2.5, 200pF)  Anly 1034 687 887 025 | 93 93 632 061 | 41 17.26 5.94 867 075
s2 Sim 1127 1601 17.63 124 | 19395 183.07 166 694 | 40 16.6 704 9297 1.41
(800V, 20A, 2.5Q, 470pF)  Anly 114 159 148 L1l | 169.14  169.14 1602 58 | 39.56 16.45 791 900.85 12
S B oo 1)) 3 B i (1 J)‘ in Mode 1, ¢1(any) is found to be a bit small'er compgred to
150 t1(sim) as the ramp fall of gate supply voltage is approximated
100 300 as step fall in the proposed analytical model. A similar study is
200 carried out for other operating conditions and close agreements
50 100 are observed. This validates the proposed analytical model in
0 . = = each mode of switching transition (see Section III).
5 75 10 125 15 10 15 20 25 30
1o(4) 1o(4)
(@ (b) C. Minimum C,,, Required for Soft Switching
Fig. 17.  Comparison of loss obtained through simulation and experiment: (a) Minimum Cly, values required to achieve soft switching are
S1, (b) S2. obtained using proposed analytical model and behavioral sim-

Channel current 7., can not be measured directly from the
experimental measurement. Experimentally measured 74 is dif-
ferent from 7.,. From experimental result, it is difficult to verify
the soft switching condition. Also, it is not possible to obtain
the actual switching loss directly from experiment. On the other
hand, behavioral model has access to the internal state variables.
So, to verify the soft switching condition and estimate the
actual switching loss, behavioral model is required. Actual loss
obtained using behavioral model (Eoff(sim)) 18 compared with
the measured loss from experiment (Eéff(exp)) for S1 and S2 in
Fig. 17(a) and (b), respectively. The values of (Vic, Rgexts Cext)
are (800 'V, 2.5€2,200 pF) for S1 and (800 V, 2.5€2, 470 pF) for S2.
It can be observed that the Eqf(sim) values are small compared
to E(’)ﬁ.(exp) for all operating conditions. So, it is established
here that the actual loss for turn-OFF soft switching can not be
obtained from experimental measurement and behavioral model
is important to estimate the actual loss.

B. Verification of the Proposed Analytical Model Through
Behavioral Model

To verify the correctness of the proposed analytical model, im-
portant intermediate quantities obtained from behavioral model
for each mode are compared with the values obtained using the
analytical model. Behavioral model is used for comparison as
it is not possible to get the values of most of the intermediate
quantities from the experimental result. Single operating condi-
tion is considered for each device and it is ensured that the soft
switching condition is satisfied for these operating conditions
(see Table VIII). These numbers match closely. Also to verify the
correctness of the assumptions in each mode, the time evolution
of important state variables obtained from the proposed model in
each mode is plotted over simulated results for S1 (see Fig. 18).
A close match is observed between simulated waveforms and
waveforms obtained using the proposed analytical model. Only

ulation and plotted with respect to Iy for two different Rgex =
2.5,7.5 Qand V4. = 600, 800 V for S1 and S2 in Fig. 19(a) and
(b), respectively. Close agreement is observed for S2, whereas
analytical model slightly underestimates the minimum Cey,
value for S1. Also, it can be observed from these figures that
the minimum amount of Cey, required for a given V. and Rgex
increases with . For low values of I, soft switching happens
without any Cey. As Rgex increases for a fixed value of Vi
and I, the minimum amount of Cey required for soft switching
increases. So, it is beneficial to use a small value of Rgex. The
minimum value of Ry is limited by the peak current capability
of the gate driver used. For a fixed value of Iy and Rgex;, as Ve
reduces, the minimum amount of Cy required to achieve soft
switching increases.

D. Estimation of Important Quantities Related to Soft
turn-OFF switching Dynamics

In this section, the estimated quantities obtained using pro-
posed analytical model (Togr, Eorrs (dv/dt)osr, (di/dt)ess, and
Vis(max)) are compared with the behavioral simulation and/or
experimental results.

1) T,y Comparison: In the first part, total turn-OFF time
(Tofr) obtained from the proposed analytical model (7ggt(anty))s
behavioral simulation (T (sim)) and experiment (Tifr(exp)) are
compared for S1 with operating conditions V. = 800V, Iy €
(5,15)A, Cexe = 200, 470 pF and Ry = 2.5 Q in Fig. 20(a)
and for Ryey = 7.5 € in Fig. 20(b). It can be observed that there
a close match between To(anty)s Loft(sim)> and Tofrexp) for the
entire operating conditions. For a fixed Vgc, Cexi, and Ryey With
the increase of Iy, T reduces and it remains almost constant for
high values of 1. The reduction in T4 is primarily contributed
by the reduction in voltage rise time as I increases. Also with
fixed Vi, Iy, and Rex, Do has a strong positive correlation
with Cex, and it increases significantly with Ciy,. This is mainly
because of the increase in voltage rise time with the increase
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Fig. 20. Ty estimation.

in Cey. On the contrary, for constant Vg, Iy and Cex, Togr
has a weak dependence on R as a major fraction of Ty
is contributed by voltage rise period and gate circuit does not
impact the switching transition in voltage rise. Similar plots
are given for S2 with operating conditions V. = 800V, Iy €
(10, 30) A, Cexy = 470, 750 and Rgex; = 2.5 Q in Fig. 20(c) and
for Rgex = 7.5 Q2in Fig. 20(d). Estimation of T is important as
it helps to optimize the dead-time between two complementary
devices of a voltage source converter.

2) E,ry Comparison: Actual turn-OFF loss (L) estimated
using proposed analytical model (Foi(anly)) is compared with
the actual switching loss obtained using behavioral simulation
(Eott(sim)) for S1 with operating conditions V. = 800V, Iy €

Sy 34 W=
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o 2 g 2 e
_ A70p
. T = ATOpF . Cont =¥
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Io(A) Io(A)
(© ()
Fig. 21.  Eyff estimation.

(5,15) A, Cexe = 200, 470 pF and Ry = 2.5  in Fig. 21(a)
and for Rgex = 7.5 2in Fig. 21(b). Close agreement is observed
for S2, whereas analytical model slightly underestimates the
minimum Cey; value for S1. It can be observed that Fganty)
increases with I for a fixed value of Vi, Rgex and Cey;. Also,
for a fixed value of Vg, In, and Rgext, Fofi(anly) reduces with
Cext- Eoft(anly) 18 @ monotonically decreasing function of Cex
when other parameters remain fixed.

It has already been established that the experimentally mea-
sured loss (E(”ff( eXp)) is much higher compared to the actual loss
estimated using behavioral simulation (Eo(sim)) (see Fig. 17)
and the proposed analytical model estimates the actual loss
which is close t0 Eqft(gim)-

3) (dv/dt)oys Comparison: (dv/dt)os represents the (dv/dr)
rate during turn-OFF condition and it is plotted for Sl
with operating conditions Vg, = 800V, Iy € (5, 15) A, Cexe =
200, 470 pF and Rgexy = 2.5 Q in Fig. 22(a) and Rgexy = 7.5 Q
in Fig. 22(b). Note, for calculating (dv/dt)st(exp). 10%-90%
change in V. is considered. With Ve, Reexi, and Cey remain
fixed, (dv/dt)of is a monotonically increasing function of Ij.
This is due to the fast charge—discharge of the output capacitance
(Cox¢ included) with the increase in Iy. Also for a fixed Vi,
Rgexi, and Iy, (dv/dt)o reduces with the increase in Cey. As
ich 18 zero during voltage rise period, gate looses its control over
power circuit and Ry has very weak control over (dv/dt)os
as can be seen from Fig. 22(a) and (b). Similar trends have been
observed for S2 as given in Fig. 22(c) and (d).

4) (di/dt)ors Comparison: (di/dt)os obtained from pro-
posed analytical model, behavioral simulation and experiment
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TABLE IX
COMPARISON OF (di/dt) o ¢ (AINS)
(30A,2.592) (30A,7.592)
Cez¢ (pF) | Sim  Anly Exp | Sim  Anly  Exp
2 470 1.44 1.39 1.12 | 141 1.49 1.11
750 1.13 1.07 1.05 1.28 1.35 1.03
TABLE X
COMPARISON OF Vg5 (yax) (V)
(30A,2.502) (30A,7.592)
Cext (PF) | Sim Anly  Exp | Sim Anly  Exp
$2 470 961.7 942.04 968 | 962.60 939.82 976
750 937.73 914 952 946 926 952

are compared for S2 and Vg, = 800V in Table IX and a close
agreement is found. It can be observed that (di/dt).f is weakly
correlated with both Cey and Rygex. A similar observation holds
true for S1 also.

5) Vis(maz) Comparison: Vysmax) obtained from proposed
analytical model, behavioral simulation and experiment are
compared for S2 and V4. = 800V in Table X and a close
agreement is observed. Similar to (di/dt)osr, Vis(max) 18 also
weakly corrected with Cex; and Rgexi. A similar observation is
found to be true for S1 also.

VII. SELECTION OF Cgxr FOR A GIVEN OPERATING RANGE

The objective of this section is to find out the optimal value
of Cex that ensures soft switching for a given Ve, Rgex, and
load current range Io(min)y < Io < Io(max), While maintaining the
(dv/dt)os below a specified limit ((dv/dt)of(spec))- The value
of (dv/dt)ofi(spec) is decided from the EMI filter design require-
ments. Moreover, it facilitates to select an optimal dead-time
and estimate the worst case switching power loss for a given
switching frequency. From the results presented in previous
section, it can be observed that Cyy, is strongly correlated with
Tofts Eofr, and (dv/dt)og, whereas it has a weak correlation
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. Cext = Cezt(min)(I(]:Io(mar))(Fig‘14)‘

Increase Ceyy

Compute (dv/dt)ors at Io = Io(max)
(Fig. 8)

du/dt)off <
(dv/dt)o f(spec)

Cext = Ceat(opt)

Fig. 23.  Flowchart for optimal Cey selection.

with (di/dt)osr and Vigs(max)- S0, (di/dt)ofr and Vg (max) are not
considered for Cgy selection. The following steps are followed
to obtain the optimal value of Cley,.

1) Step I:1In the first step, value of Ry needs to be selected.
Use of low Ryey helps to achieve soft turn-OFF and the
minimum value is limited by the peak current rating of the
gate driver used (see Figs. 19 and 21).

2) Step 2: Use the flowchart given in Fig. 14 with Iy = Ij(max)
to obtain the value of the minimum external drain source
capacitance required for soft turn-OFF (Cex((min))- This
ensures that for any Cexe > Cexi(min)> the soft switching
condition is satisfied for all operating conditions (/, 0(min) <
Iy < In(max)) (see Fig. 19).

3) Step 3: For a given Vye, Ryext» and Cey, (dv/dt) o is maxi-
mum at Jo = Iy(max) and (dv/dt),s reduces with increase
in Cex, When other parameters remain fixed (see Fig. 22).
So, the value of Cey is increased starting from Ceyi(min)
such that the value of (dv/dt)of at Iy = Io(max) is smaller
than (dv/dt)f(spec) (see Fig. 23). The corresponding value
of Cex is Cexl(opt)'

4) Step 4: Similar to (dv/dt)ess, Fofr is maximum at Iy =
Ip(max) for a given Ve, Rgex, and Cext» (see Fig. 21).
In this step, Cex is kept fixed at Ceyy(opr) and the value
of Eo is estimated using Fig. 14 at Iy = Iy(max). The
corresponding value Fifr(max) represents the worst case
turn-OFF switching loss.

5) Step 5: For a given Vyc, Rgexi» and Ceyi, Togr is maximum
at Iy = Io(min) (see Fig. 20). Similar to step 4, Ce, is kept
fixed at Cey(opr) and the value of Tig is estimated using
Fig. 14 at Iy = Iy(min)- The corresponding value Tsr(max)
represents the maximum turn-OFF T ransition time. The
value of dead-time has to be higher than Tigr(max)-

To illustrate the design process of selecting optimal Ce,
an example is considered for S2 is with V4. = 800V and I
varies in the range 10-30 A. Following Step 1, Rgexi = 2.5 Q2
is used as it satisfies the peak gate current limit. Cey(min) 18
obtained for Iy =30 A and it is equal to 190 pF (Step 2).
(dv/dt)ofr(specy = 10 V /ns is specified for this problem. Using
the flowchart given in Step 3, Cex(opy) is obtained as 1390 pF,
which satisfies the constrain (dv/dt)og < 10V /nsat Iy = 30 A.
For the selected value of Ceyi(opry = 1390 pF, Eoimax) = 170
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at Ip = 30 A (Step 4). Tifr(max) i obtained at o = 10 A and
it is equal to 285 ns and the dead-time is selected as 300 ns
(Step 5). Similarly, for S1 with Vgc = 800V, Rgex =2.52
and /o varies in the range 1015 A, Cey(opr) = 645 pF is ob-
tained following the above design procedure. Using this value
of Coxt (dv/dt)os < 10 V/ns, Eyfrmax) = 2.2 ) at Iy = 15 A
and Totr(max) = 253 ns. The dead-time is selected as 280 ns.

VIII. CONCLUSION

An analytical model to study the turn-OFF soft switching dy-
namics of SiC MOSFET using datasheet parameters and external
circuit parasitic is presented in this article. In this work, the
turn-OFF switching transition is considered to be soft switched,
if the channel current collapses before the voltage across the
drain—source terminal of the complementary MOSFET falls to
zero. This model is derived using behavioral model of the SiC
MOSFET through approximations. The behavioral model is taken
from a previous work related to the study of hard switching
dynamics of SiC MOSFET. First, the behavioral model is validated
through experiment for two 1200 V SiC MOSFETS and a wide
range of operating conditions. Then, the proposed analytical
model is validated using the behavioral model.

The proposed analytical model is used to calculate turn-OFF
transition time, actual loss, (dv/dt)of, (di/dt)er and transient
over voltage when the MOSFET is soft-switched. Proposed model
estimates these quantities accurately and the numbers are close
to behavioral simulation and/or experimental approaches. The
important conclusions of this article are: 1) for soft turn-OFF
transient, gate circuit dynamics do not impact the voltage rise and
drain current fall modes, 2) small external gate resistance is ben-
eficial to achieve soft switching, 3) common source inductance
opposes channel current to collapse and small value is preferable
to minimize turn-OFF switching loss. The analytical model is also
used to compute the minimum external capacitance necessary
to achieve soft switching at a given operating point. A step by
step design procedure is provided to select an optimal external
drain—source capacitance that ensures soft switching over a
given range of operating conditions and limits the maximum
turn-OFF voltage slope. It also helps in selecting dead-time that
guarantees ZVS turn-ON of the complementary device. Also, the
design provides the worst case switching loss and the maximum
value of the transient over voltage as performance measures.
The problem is solved for a given range of operating conditions
(one dc bus voltage, external gate resistance, and a range of load
currents), typical in de—dc, dc—ac applications. It is found that
the turn-OFF time, actual loss, (dv/dt). are strongly correlated
with external capacitance, while (di/dt)or and transient over
voltage weakly depend on its value. Also, itis noteworthy that the
proposed analytical model estimates the actual switching loss,
which is significantly smaller compared to the experimentally
measured loss.

In brief, the proposed analytical model provides a fast, inex-
pensive method to accurately estimate the turn-OFF soft switch-
ing transient related quantities of SiC MOSFET using datasheet
parameters and external circuit parasitic and subsequent selec-
tion of an optimal value of the external drain source capacitance.

[— Simulation — Analytical — Existed ]
(S1,800V,7.50) (S2,800V,7.50)
— — 400
280 £ 30
210 £ 20
3 T 100 :
SN S ]
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() (b)
Fig. 24. Comparison of minimum Cley required for soft switching using

behavioral simulation, analytical model and existed model given in [8]: (a) S1,
(b) S2.
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Fig.25. Comparison of Ty estimated using behavioural simulation, analytical

model and existed model given in [8]: (a) S1, (b) S2.

APPENDIX

A. Comparison of Proposed Analytical Model With Existing
Models

The performance of the proposed analytical model is com-
pared with the existing analytical models for soft turn-OFF
transient study. Minimum external drain source capacitance
(Cext(min)) to achieve soft switching, turn-OFF transition time
(Togr), switching loss (Eof) are the indices selected for com-
parison. Among the existing analytical models [6], [8] is used
for comparison as this analytical model is more accurate when
compared with [6]. Note, [6] considers soft turn-OFF loss to be
zero. Also, two different modes namely channel current collapse
and drain current fall are not been analyzed.

First, the Cex(min) required to achieve soft switching is
compared in Fig. 24 for two different SiC MOSFETS, Sl
(C2MO0160120D) and S2 (C2MO0080120D), respectively. Op-
erating conditions are Vg = 800V, Ryexi = 7.5€, and Iy =
5-15 A for S1 and Iy = 10-30 A for S2. Values obtained from
behavioral simulation is used as reference. It can be observed that
the existing model grossly underestimates the value of Cexl(min)~
On the contrary, the proposed analytical model can estimate
Cexi(min) With sufficient accuracy.

In the second part, T, and Fog values obtained from behav-
ioral simulation, proposed analytical model and existing model
are compared for Vi = 800 V, Ryext = 7.5 Q. Cexe = 200 pF,
Iy = 5-15 A for S1 and Cgy = 470 pF, Iy = 10-30 A for S2
(see Figs. 25 and 26, respectively). Existing model grossly un-
derestimate both Ti,¢ and Fog, whereas numbers estimated using
proposed analytical model are close to behavioral simulation.

From the above discussion, it can be concluded that the pro-
posed analytical model estimates Cex[(min), Tofr and Eog of SiC
MOSFET accurately, whereas the existing analytical model [8]
lacks accuracy.
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B. Turn Off Switching Dynamics Comparison With Minimum
Rye and with/without Ceyy

Here, in the following discussion, two different cases are
considered: 1) permissible minimum Rgey and no Cey, 2)
permissible minimum Rgey; along-with Cey. C2M0080120D
SiC MOSFET is considered with Vg, = 800V, I = 10-30 A in
steps of 5 A and Rgext = 2.5 Q and Cex = 750 pF. Minimum
permissible R is selected such that the transient over voltage
is in permissible limit for /5 = 30 A and Cey, is not present.

Eott, (dv/dt), (di/dt), Vis((max) With and without Cey, are
compared in Fig. 27. Fu is estimated from behavioral model
as it is not possible to obtain Ey directly from experiment.
(dv/dt), (di/dt),and V((max) are estimated from experimental
waveforms. It can be observed from both the results that with the
external drain source capacitance Ceyy = 750 pF, Eof, (dv/dt),
(di/dt), and V(max) has been significantly reduced. The charge
and energy equivalent capacitances of Cy; in the voltage range
(0,Vg) are 130 pF and 93.3 pF, respectively, and it is small
compared to Cey = 750 pF.

The charge and energy equivalent capacitances of Cgs (Cys()
and Cy,(g,)) in the voltage range (0,Vy. = 800 V) are compared
with the value of the optimal external capacitor (Cey(opt)) Ob-
tained in Section VII for both S1 and S2 in Table XI. It can be
observed that Cy4() and Cyy () values are small compared to
Cexi(opt) for both ST and S2.

C. Comparison of Behavioural Models Where Clyy is
Connected Directly Across Cys and Coyy is Connected Across
d' and s' Nodes

In Table XII, E.¢ obtained from two different behavioral mod-
els (Eofr(sim(a)) and Fofr(sim(p)) for circuit configurations shown
in Fig. 2(a) and (b), respectively) are compared for SiC MOS-
FET C2M0080120D (S2) with operating condition Vg, = 800 V,
Ryext = 7.5 Q, Iy = 10, 20, 30 A and Cey, = 470, 750 pF. Also
the percentage of error is calculated where Fogr(sim(p)) is con-
sidered as standard. It can be observed that the approximate
equivalent circuit of Fig. 2(a) grossly underestimates Es.

Next, Vis(max) oObtained using two different behavioral
models and experiment (Vs (max)(sim(a))> Vds(max)(sim(b))> and
Vias(max) (exp)» T€spectively) are compared in Table XIII for the
same device. The operating conditions are Vg, = 800 V, Ryeyy =
7.5, Iy = 25,30 Aand Cex; = 470, 750 pF. It can be observed
that the approximate equivalent circuit given in Fig. 2(a) un-
derestimates Vs (max) for most of the operating conditions. On
the contrary, Vs(max) Values estimated using equivalent circuit
model given in Fig. 2(b) are close t0 Vi (max) (exp)-

So, from the above discussion, it can be concluded that the
behavioral model, where the external drain source capacitance
is directly connected across the drain—source depletion capaci-
tance grossly underestimates Fogr and Vg (max)-
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Fig. 28. Result for S2 (600 V,20 A,7.5€2,200 pF): (a) simulation and experi-

mental result overlapped. (b) Simulation result.

D. Difficulty in Soft Switching Prediction Using Experimental
Measurement

vgs(t) can be measured from experiment (see Fig. 3) whichis
different from vy, during switching transient as the drops Ryincig
and L (dis/dt) are significant [see (43)]

. dis
Ug’s’(t) = VUgs (t) + Rgintzg + LSE.

Vgs(t), vas(t), and idg.(t) obtained from experiment
(Vg5 (exp) (1) Varsr(exp) (t)5» and dge(exp) (1)) and behavioral sim-
ulation (Vg (sim) (£), Vs (sim) () and dgc(sim) () are overlapped
over each other in Fig. 28(a) for SiC MOSFET C2M0080120D.
A close agreement is observed between behavioral simula-
tion and experimental measurement. In Fig. 28(b), v (sim) (1),
Vg's'(sim) (t)’ V'’ (sim) (t)’ idc(sim) (t)a and Z'ch(sim) (t) obtained from
behavioral simulation are plotted. It can be observed that
Vg (sim) (t) is smaller than vggim)(t) for the entire switching
transient period [see (43)].

In summary, vy g (exp) (t) can be obtained from experimental
measurement which is equivalent to vy (sim) (t) and both are
significantly different from v (sim)(t). icn(t) is an algebraic
function of vy () and it can not be estimated from experimen-
tally measured vy (exp) (t).

(43)
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