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Abstract—With high reliability and good cost-performance ra-
tio, silicon superjunction MOSFETS (Si SIMOS) and SiC SBD pair is
often preferred in commercial single-phase power factor correction
applications. Switching dynamics of Si SJMOS are different com-
pared to 650 V wide bandgap devices due to differences in device
characteristics. This article presents an improved analytical model
to study the switching dynamics of Si SJMOS and SiC SBD pair. Un-
like the existing literature on high-voltage Si MOSFETS, this article
considers the nonlinearities in channel current and internal capac-
itances of Si SJMOS, the nonlinear reverse-biased capacitance of
SiC SBD, along with parasitic gate-drain capacitance arising due
to PCB layout. As a result, the proposed analytical model presents a
significant improvement over the existing models of high-voltage Si
MOSFET in predicting switching loss, time, (dv/dt), (di/dt), etc.
Experimental and simulation results for three 650 V Si SJMOS and
SiC SBD pairs with different current ratings provide validation of
the proposed analytical model.

Index Terms—Analytical model, double pulse test (DPT), loss,
MOSFET, Schottky diode, SiC, silicon superjunction, switching
transient.

NOMENCLATURE

Vie Ideal DC bus voltage.

Iy Ideal DC current sink.

v Gate-drive voltage with levels Vg and 0.

Rg1, Ry Internal and external gate resistances (includes
driver resistance).

R, Total gate resistance (=Rgy1 + Rg2).

Ly Common source inductance.

Ly, L, Power loop and gate loop inductances (exclud-
ing Ly).

Cys, Cga, Cqs Gate-source, gate-drain and drain-source ca-
pacitance of SJMOS.
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Cy SiC SBD reverse-biased depletion capacitance.

Cr1,Cra Layout-dependent parasitic capacitances.

Vi Transition voltage of Cyq and Cys model.

Cgdo; Caso Zero-bias gate-drain and drain-source capaci-
tance of SIMOS.

ki, ky Built-in potential of gate-drain and drain-source
junction of SIMOS.

ko, ks Slope of Cyq and Cy, curve in the high-voltage
region.

ks, ke High-voltage gate-drain and drain-source ca-
pacitance.

Cqo Capacitance of the Schottky diode at zero-bias
condition.

Vs Transition voltage of C\; model.

k7 Built-in potential of the Schottky junction.

ks Slope of the Cj curve at the high voltage region.

ko Value of Cy at vg = V.

I6] Transconductance parameter of SIMOS.

Vin Threshold voltage of SIMOS.

0 Transverse-field induced mobility degradation
parameter.

kp Drain-source saturation voltage parameter.

I. INTRODUCTION

ILICON superjunction MOSFETS (Si SIMOS) have found
S their widespread adoption in commercial-scale power elec-
tronic converters. These devices are commercially available in
the voltage range of 500-950 V (typically 600-650 V) and were
found to be superior to conventional Si MOSFETS due to their
better switching and conduction loss performances [1], [2].

A. Relevance of Si SIMOS

Due to their superior properties, wide bandgap (WBG) de-
vices like SiC MOSFETS and GaN HEMTs have recently chal-
lenged Si SIMOS in the 600-650V voltage range. However,
their widespread adoption has been hindered [3] due to chal-
lenges related to reliability (e.g., threshold voltage instability,
dynamic ON-state resistance) [4], [5], [6], susceptibility to is-
sues like false turn-ON [7], sustained oscillation, EMI, etc. and
higher cost. In contrast, Si SIMOS, when paired with SiC SBD,
offers adequate dynamic performance comparable to these WBG
devices [1], [8], [9]. Moreover, superior reliability due to years
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Fig. 1.  (a) Two-stage architecture. (b) Conventional-boost PFC.

of field operation and lower cost make Si SJMOS a device of
choice in this voltage segment [3].

B. Application of Si SIMOS and SiC SBD Pair

In applications like electric vehicle (EV) onboard chargers,
telecom, and data center power supply, power flow is unidirec-
tional, and the majority of the power electronic converters are
based on a two-stage architecture, an ac—dc stage followed by an
isolated de—dc stage [see Fig. 1(a)]. A power factor correction
(PFC) topology is used in the rectifier stage to rectify a single-
phase ac to a400 V dc bus. In the popular PFC topologies such
as the conventional and the dual-boost PFC [10], a 600-650 V Si
SIMOS is used with SiC Schottky diode due to its zero reverse re-
covery charge [11] [see Fig. 1(b)]. On the other hand, Si SIMOS
incurs significantly higher turn-ON switching loss and current
stress when used in bridgeless totem-pole PFC (BTPPFC) due to
its body diode’s poor reverse recovery performance [12]. Hence,
the use of Si SIMOS in BTPPEC is usually avoided.

C. Estimation of Switching Loss

Understanding switching dynamics followed by estimation
of switching loss is important for optimal converter design and
selection of switching frequency. It also helps in selecting a
suitable device for a given application. This understanding can
be used further for optimizing power and gate circuit layout and
better gate driver and thermal design [13], [14].

D. Analytical Approach

The approaches to studying switching dynamics can be
broadly classified into experimental, simulation, and analytical.
The experimental approach can be based on a double pulse
test (DPT) [14] or calorimetric measurement [15]. However,
it requires expensive measurement equipment and a special
experimental setup.

Simulation-based approaches can be of two types: physics-
based simulation or behavioral simulation. In the first approach,
detailed physical models of MOSFETS and diodes are simulated
along with alumped parameter model of the external circuit [16].
However, it requires internal device parameters (not available in
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the datasheet), a long simulation time, and expensive simulation
software, such as TCAD, Medici, etc. In contrast, behavioral
models are circuit-based simulation approaches where the ter-
minal characteristics of the devices are modeled using circuit
elements, and a lumped parameter model of the external circuit
is used [13], [14]. However, simulating behavioral models in
circuit-based simulators (like MATLAB/Simulink) is challeng-
ing due to device nonlinearities. The device manufacturers also
provide behavioral models that can be simulated in SPICE-based
circuit simulators. However, it is not possible to obtain inter-
nal device variables (e.g., channel current). Moreover, these
behavioral models often experience convergence issues [17].
Although relatively simple and fast, this approach does not
offer insight into the switching process. Also, as the simula-
tion must run at each operating point, this approach is more
time-consuming.

Analytical models are based on simplified approximate so-
lutions of the set of coupled nonlinear differential equations
obtained from the behavioral model. This approach is suitable
for gaining insight into the switching process and overcomes
most of the limitations of the previously stated approaches. It
provides results accurate enough for the early stages of power
electronic converter design. In this article, an analytical model-
ing approach is proposed to study the switching dynamics of Si
SIMOS and SiC SBD in a buck-chopper configuration, which
uses values obtained from the device and gate driver datasheet
and the values of external circuit parasitics.

E. Existing Literature

Switching dynamics of low-voltage Si MOSFETS is well stud-
iedin the literature [ 13], [18], [19]. During the turn-ON transition,
the drain-source voltage of these devices collapses to zero as
the device current rises. The same is true for low voltage GaN
HEMTs [20]. Hence, the switching dynamics of low-voltage
devices are significantly different from their high-voltage coun-
terparts.

Analytical models for high voltage GaN HEMTs and SiC
MOSFETS are presented in [7] and [14], respectively. Although
the equivalent circuit-based model used in [7] and [14] for
the WBG devices appears similar, the analytical model derived
through approximations for Si SIMOS is different. This is due to
differences in characteristics of Si SJMOS, like channel current,
etc, and their functional dependencies on terminal voltages
compared to WBG devices. The differences in characteristics
are briefly described as follows.

1) Transconductance of both SiC MOSFETS and high-voltage
GaN HEMTs reduces with the increase in gate-source
voltage in the saturation region. On the contrary, it in-
creases for Si SIMOS [21], [22]. While similar for GaN
and Si SIMOS, the transconductance of SiC MOSFETS is
considerably smaller.

2) While the transition from ohmic to saturation region oc-
curs in a gradual manner for SiC MOSFETS [23], a sharp
transition is observed for Si SIMOS [21].

3) Compared to WBG devices, the gate-drain and drain-
source capacitances of Si SJTMOS are highly nonlinear.
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a) These capacitances change by more than two orders
of magnitude in low drain-source voltage region [21],
[24] [see Fig. 4(a)].
b) Unlike GaN HEMTs [22] and SiC MOSFETS [14], the
gate-drain capacitance of Si SIMOS increases with
voltage in the high drain-source voltage region [21].
Analytical models for high voltage Si MOSFETS are presented
in [24] and [25]. In both [24] and [25], channel current is not
modeled in the ohmic region, and in the saturation region, it
is assumed to be a linear function of gate-source voltage. The
highly nonlinear gate-drain and drain-source capacitances were
modeled using two-step constant capacitance approximation in
both [24], [25]. [24] considered the freewheeling diode to be
ideal, whereas a constant capacitance is used in reverse biased
conditionin [25]. Due to these assumptions, significant errors are
observed in estimating switching losses, times, (di/dt), (dv/dt),
etc. A detailed discussion is presented in Section VII.

F. Contribution

As evident, there are not enough research publications that
analyze the switching behavior of Si SIMOS and SiC SBD
pair. To address this gap, this article makes the following
contributions.

1) This article presents an improved model for analyzing the
switching transients of Si SJMOS and SiC SBD pair. It
makes a substantial improvement over the existing mod-
els for high-voltage Si MOSFETS in estimating switching
loss, (dv/dt), (di/dt), etc, as delineated by quantitative
comparison in Section VII.

2) It considers a detailed nonlinear channel current model
based on Nth power law MOSFET model [26] and accu-
rately represents the channel current of Si SIMOS in both
ohmic and saturation regions.

3) Piecewise nonlinear models of the gate-drain and drain-
source capacitances of the Si SIMOS are proposed.

4) A piecewise nonlinear capacitance model of SiC SBD is
used in reverse-biased condition.

5) The effect of external parasitic gate-drain capacitance is
also considered as it significantly impacts voltage-rise and
voltage-fall periods [25]. Both [24] and [25] ignore the
effect of external gate-drain capacitance in analysis.

6) Guidelines for selecting external gate resistance using the
proposed analytical model are presented.

Experimental and simulation results for three Si SIMOS and
SiC pair of different current ratings validates the accuracy of the
proposed analytical model.

The rest of the article is organized as follows. Section II
discusses the limitations of existing literature and the improve-
ments made by the proposed model. Section III describes
the behavioral model for studying hard turn-ON and turn-OFF
switching dynamics of Si SJMOS and SiC SBD pair. Through
approximations, the proposed analytical model is derived and
described in Section IV. Section V describes the experimental
setup and behavioral simulation. The proposed model is vali-
dated in Section VI using experimental and simulation results
for a wide range of operating conditions. Section VII compares
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Fig. 2. (a) Buck chopper circuit with relevant parasitics for hard-switching
dynamics study. (b) Equivalent circuit model of Si SJMOS. (c) Equivalent circuit
model for SiC SBD: E.B - Forward Biased, R.B - Reverse Biased: L4; - PCB
trace inductance in the power loop, L g5 - drain lead inductance of Si SIMOS,
Lg = La1 + Lgs.

and presents improvements made by the proposed model com-
pared to prior arts. Section VIII presents a brief discussion on
the impact of important parasitics on the proposed model. In
Section IX, the proposed model is compared with DPT, SPICE,
and gate charge method. Finally, Section X concludes this
article.

II. COMPARISON WITH PRIOR ARTS

A detailed discussion of the existing analytical switching loss
models for high-voltage Si MOSFETS is presented in this section.
Turn-ON switching dynamics is divided into four modes: delay
(mode 1), current-rise (mode II), voltage-fall, (mode III), and
ringing (mode IV). Similarly, the turn-OFF switching process is
divided into four distinct modes: delay (mode V), voltage-rise
(mode VI), current-fall (mode VII), and ringing (mode VIII).
Tables I and 1II list the key assumptions used in the existing
analytical models and their shortcomings in the turn-ON and
turn-OFF transients, respectively. This provides motivation for
this article. The tables also qualitatively discuss the improve-
ments made in the proposed analytical model.

III. BEHAVIORAL MODEL TO ANALYZE HARD-SWITCHING
DyNAMICS OF S1 SIMOS

To analyze the hard switching dynamics of Si STMOS, a buck-
chopper configuration is considered, as shown in Fig. 2(a). SiC
SBD is used as the freewheeling diode due to its zero reverse
recovery [11]. The input of the buck-chopper is connected to a
constant dc voltage V., and the output is connected to a constant
current sink /y. The definition of the parameters used in this
study is listed in Nomenclature. A detailed discussion of the
behavioral model is presented in this section.

A. Equivalent Circuit Model of Si SIMOS

Fig. 2(b) shows the equivalent circuit model of Si SIMOS.
It comprises a dependent current source to model the channel
current %.p,(Vgs, v4s). To accurately model 4., in both ohmic
and saturation regions, a detailed nonlinear model based on Nth
power law [26] is used. While a formulation of i, similar to Nth
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QUALITATIVE DISCUSSION ON TURN-ON SWITCHING TRANSIENT

Mode ‘ References ‘ Assumptions and Limitations ‘ Improvements in the Proposed Analytical Model
I [25] e In the saturation region, channel current is modeled as a linear e A detailed nonlinear dependence of the channel current on
Current function of the gate-source voltage. the gate-source voltage in the saturation region is considered.
. e A B e The drain-source voltage is approximately taken to be
rise Simil 1 f [25 d. H f The drai ! . ' ly tak y
Period 2 h 1m; ar a;la ys(ljs 10 [ (]j,ls uze . gwgver,bsome para;nete':r; o constant. This results in simple polynomial expressions of the
[24] the analytical model are adjusted to obtain a better match wit circuit variables, switching loss, and time for this mode.
experimentally obtained (di/dt).

* Gate-source voltage is assumed to be constant, and the gate e Both channel and drain current increase well beyond the load
current flowing through the miller capacitance leads to fall in current, and a significant difference exists between them. This
the drain-source voltage. difference predominantly leads to the drain-source voltage fall.

I 25] e Channel and drain currents are considered to be the same and The gate current is usually small compared to both currents.
Voltage clamped to the load current. ¢ Coupled dynamics of gate and power loop is considered.

fallg » Drain-source capacitance is neglected, two-step approximation * Nonlinear models of the capacitance of Si SIMOS and diode

eriod of the gate-drain capacitance is considered, and reverse-biased are considered, which leads to a better estimation of the
P capacitance of the diode is assumed to be constant. switching dynamics.

Analysis simil 2511 ed - biased e The external gate-drain layout-dependent capacitance is also
[24] nalysis similar to [25] is carried out. However, reverse-biase considered as it has a significant impact on the switching.
capacitance of the diode is neglected.
TABLE II
QUALITATIVE DISCUSSION ON TURN-OFF SWITCHING TRANSIENT

Mode | References | Assumptions and Limitations \ Improvements in the Proposed Analytical Model

¢ Drain-source voltage is considered to be constant, and both the e The channel current is modeled accurately in the ohmic

drain and channel currents are clamped to the load current. region. Also, coupled dynamics of gate and power loop is
\% » Constant value of gate-drain capacitance corresponding to the considered.
Delay [25], [24] low drain-gate voltage is considered. * A comprehensive model of the gate-drain capacitance is
Period * Drain-source capacitance is ignored. considered to estimate the delay time accurately.
* Decoupled gate-loop dynamics is considered with exponential
decay of the gate-source voltage
VI | [25] | -« Its analysis is similar to mode III (see Table I) | © Nonlinear models of channel current, gate-drain, and drain-
Voltage source capacitance and diode capacitance are considered
rise * During the first part of this mode, channel current is assumed * The external gate-drain capacitance plays a significant role.
period [24] to a plateau level whose value is obtained empirically. on the switching dynamics and it is considered in analysis.

e Both the channel and the drain currents are assumed to fall to * Coupled dynamics of gate and power loop is considered.

zero in this mode for Si SIMOS.
VII 25 * Similar to mode II, this mode’s dynamics is governed by a * Similar to mode II, the proposed method presents simple
(23] second-order linear differential equation. polynomial expressions of losses and time.
Current » This mode exists for sufficiently large values of load currents.
fall [24] ¢ This mode does not exist as drain current was zero. \
period
TABLE III
CHANNEL CURRENT MODEL COMPARISON
Condition Channel Current Models of Si SIMOS
Detailed 7., Model Schokley Equation Model (Model B)
ich =0 la ich =0 (22)
Vgs < Vin beh 2 (1a) B
i = B Wes = Vin) (b)  den =5 (vga = Vin)® (2b)
Vgs 2 Vi, Vds 2 Vas(sat) 2(1+0(vgs — Vin))
. Vds
Vgs > Vin, vas < Vas(sat) - B (vgs — Vin)? (2 s ) ( Vs ) 1o ich = Buds (’Ugs — Vin — 5 ) (2¢)
2(1+0(vgs — Vin)) Vds(sat) Vds(sat) Vas(saty = (Vgs — Vin) d)
Vas(sat) = kp(vgs — Vin)™ (1d)

power law model is used in the ohmic region [see (1c¢), (1d)], icn
expression used in the saturation region is slightly modified [see
(1b)]. This was done to avoid computations involving noninteger
exponents, as it is not very suitable for analytical modeling.

To underscore the accuracy of the detailed 7., model [see
(la)—(1d)], it is compared with the widely known Shockley-
Equation model (Model B) [see (2a)—(2c)] [27] in Fig. 3. As
evident, the predicted output characteristics of Model B differ
from those of the datasheet, although it captures the transfer
characteristics with reasonable accuracy. In contrast, the detailed

i.n, model achieves sufficient accuracy in capturing both the
transfer and the output characteristics. It is worthwhile to note
that the Shockley-Equation model is linearized in the existing
literature on high-voltage Si MOSFETS [24], [25].

CO£E7

Cyao
Cya(vag) = ( vag |2

1+ %)

ks (vag — V) + ks,

Vdg < 0 (3a)

0 <wgy < Vr1 (3b)

vag > V11 (o)
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SiC SBD depletion capacitance.

Cas
ds0 3 0 S Uds S VTI 4
Cas(vas) = (1 + %) (4a)
ks (vas — Vi) + ke,  vas > V1. (4b)

The internal capacitances of Si SIMOS are Cy,, Cyq, and Cyg
(see Nomenclature). Whereas C'y, remains fairly constant, Cyq
and C'y; are highly nonlinear functions of their respective termi-
nal voltages. It is noteworthy that both Cyq and Cy, experience
more than two orders of decline in magnitude when the device’s
drain-source voltage rises from zero to about 10% of the rated
voltage [21], [24] [see Fig. 4(a)]. These capacitances can be
obtained from capacitance (Cjss, Coss, Crss) plot provided in
the datasheet as a function of drain-source voltage vy, by using
the following relations: Cyq = Cyg5, Cgs = Ciss — Crss and Cy,
= Coss — Crss. To model Cyq and Cy,, nonlinear models (3)
and (4) and used, respectively. Cys = Cjss(Vac) as Cyq < Cys
at high vy, value. Also, v4q = v4, as capacitance measurement
is conducted at vy, = 07V Therefore, Cyq(v4s) obtained from
the datasheet can be directly converted to Cyq(vg,) and is valid
for vy > 0. For the region, where vgy < 0, Cyq(vig) = Cogp
(oxide capacitance).

B. Equivalent Circuit Model of SiC SBD

The equivalent circuit model of SiC SBD is shown in Fig. 2(c).
It is modeled as an ideal diode (v ~ 0) in the forward-biased
condition. In the reverse-biased condition, a voltage-dependent
capacitance model Cy(v,) is used. This capacitance plays an ac-
tive role during the drain-source voltage rise and fall transitions;
hence, it should be correctly modeled. In this work, a piecewise
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nonlinear model of the diode capacitance is proposed, which
can accurately capture the capacitance over the entire operating
range [see Fig. 4(b)]. A brief comparison presented in Appendix
B underscores the accuracy of the proposed model compared to
the existing models.

C
%a vg < Vo
Calva) = (1 T kd) (Sa)
7
ks (vas — Vra) + ko, va > Vpo. (D)

The channel current and capacitances are obtained from the
datasheet using WebPlotDigitizer [28] and curve-fitted using
(1), (3)—(5) to extract the associated parameters. Note that all
the parameters are extracted for 25°C. As the temperature
deviates, the static (transfer and output) characteristics of Si
SJMOS can change significantly, resulting in varied switching
dynamics. On the other hand, dynamics characteristics (e.g.,
output capacitance) have a weak temperature dependence and
can be neglected for simplicity [29].

C. Modeling Circuit Parasitics

External circuit parasitics (Lg, L, L4, Cz1, and Cy2) are con-
sidered in this work, as they can significantly influence switching
transients [see Nomenclature and Fig. 2(a)]. L primarily stems
from the source lead inductance of the Si SIMOS, impacting
switching transitions and losses. L. combines dc bus inductance,
device lead inductances, and interconnection inductance. C
and C,9 are the constant capacitances (order of pF) due to PCB
layout. It depends on the geometry of the PCB traces and the
dielectric material (FR4). Note: C'» also includes the parasitic
capacitance of the inductive load. For low current Si SIMOS,
these capacitances significantly affect switching dynamics as
they become comparable with the internal device capacitance
at high v4,. Therefore, estimating and considering their values
in the switching dynamics study is essential. In this work, a
measurement-based approach is adopted to determine the values
of these parasitics [30]. It is worthwhile to note that no Si
MOSFET switching loss models consider Cy1 in the analytical
formulation.

The drain-source voltage vg; () and channel current iy, (¢) are
important waveforms for switching transient study. However,
due to the presence of these external circuit parasitics, it is not
possible to measure these waveforms, which are associated with
the actual loss incurred in the device [see (6)]. On the other hand,
vas (t), and i4(¢) can only be measured from the experiments,
which product can be integrated over the switching transition
time to obtain the apparent loss (7). The actual loss E' and the
apparent loss E' are significantly different [31].

t
E:/ Vs (T)ien (T)dT 6)
0
t

E/:/ Vg (T)iq(T)dT. (7
0
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IV. ANALYTICAL SWITCHING LOSS MODEL

This section presents a detailed analysis of the turn-ON and
turn-OFF switching dynamics of Si SJMOS and SiC SBD pair.
Based on the simulation of the behavioral models (discussed
in Section III), the switching transition is divided into multiple
modes. In each mode, suitable approximations are applied to
obtain closed-form solutions or a set of reduced-order nonlinear
differential equations, which forms our analytical model. The
set of reduced-order differential equations is solved using the
forward Euler-based finite difference method (FDM). Selection
of proper time-step is essential for the forward Euler FDM to
obtain both stability and accuracy of the results. In this work,
a time-step of 107'2s is used for achieving convergence in
these modes. Guidelines for selecting time-step is delineated
in Appendix C.

A. Turn-ON Switching Transient Analysis

The waveforms obtained from the simulation of the turn-ON
behavioral model (see Fig. 5) in MATLAB/Simulink are shown
in Fig. 6. Based on this figure, the turn-ON analysis is divided
into four modes, and each of these modes is analyzed in detail
as follows. The initial condition of each mode is obtained at the
end of the previous mode.

1) Mode I: Delay Period: Initially, SiC SBD is forward
biased (vq =~ 0), and the current I freewheels through it. Si
SIMOS is in the OFF-state and blocks the total dc bus voltage V..
In this mode, the drain current 74 ~ 0 and drain-source voltage
vgs = V. (see Fig. 6). Moreover, current through the C; and
Cya can be ignored as, Cys > Cy1, Cyq(Vac). Applying the
above approximations, an equivalent circuit for this mode is
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obtained as shown in Fig. 7(a).

dv s d2v s
Ve = vgs + Rgcgsd—i’ + (Ly + LS)CQST,j (8)
Vaa
t1=R,CysIn —————. 9
! 979 Vo — Vi ©)

A positive voltage V¢ is applied to the gate terminal, and
gate-source voltage vy, increases from zero. Applying KVL in
Fig. 7(a), a second-order differential equation in vy, [see (8)]is
obtained which governs the dynamics of the delay period. For a
second-order system with a high damping ratio, it can be shown
that the poles are well-separated and are approximately given
by: Py ~ —ﬁ and P, ~ f% where | P,| > |Py|. Such
a system can be approximately modeled by the slower pole,
Py. This mode ends when v,s = Vy, at time ¢; given by (9)
(see Fig. 6). As vy < Vip, icr, = O resulting in zero switching
energy loss i.e, E; = 0 [see (6)].

2) Mode II: Current-Rise Period: This mode begins when
vgs crosses Vi,. SiC SBD is still forward biased vg ~ 0. Si
SIMOS operates in the saturation region. As v, rises beyond
Vin, icn given by (1b) also increases. However, i4 does not
change instantaneously due to the presence of L, and L in the
power loop. The increase in . is supported by the discharge
of the output capacitance (highlighted in Fig. 6). ¢4 eventually
catches up with 7., and hereafter, vy =~ Vpg remains constant.
The time duration for this initial transition is usually small as
compared to the total time for this mode (¢2), and for the purpose
of analysis can be ignored. Furthermore, i, < ig except at the
beginning of the mode and current through Cyq and C,; are
ignored as Cys > Cy1,Cyq(Vps). Using the aforementioned
approximations in Fig. 5, an equivalent circuit for mode II is
obtained as shown in Fig. 7(b).

vy, dv,,
Ve = vgs + Rgcgs% T“,j +meLs  (10)
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Hmr lf)mr 2mr
Vgs = ‘/th (11)
A
* (z) +7°
my ~ (12)
RyCys L +B8
B \/ (Io6)% + 2103
2 1
E, :/ m,tVpg = 5m,sttg. (13)
0

As v4s = Vpg approximately remains constant in this mode,
14 = 1., increases with a constant slope m,., yet to be deter-
mined. Application of KVL in the gate loop of Fig. 7(b) and
above approximation, a second-order differential equation in
Vg5 is obtained [see (10)]. By substituting ¢.;, = mt in (1b) and
solving for vy, (11) is obtained. This must also be an approx-
imate solution of (10). Mode II ends when 74 = 7.5, becomes
equal to Iy at time ¢t = to = -2, By substituting (11) in (10)
and replacing t = 19, a quadratlc equation in m, is obtained.
For a highly overdamped gate circuit, as stated in Mode I, two
roots of the above quadratic equation will be well separated. m,.
is selected such that Vpg &~ V. — m,(Lg + Ls) > 0 and close
to Vi (see Fig. 6). The approximate value of m,. is given by (12).
The actual switching energy loss in Mode II is given by (13).

dig
(La+ L) 7 ~ Vie — va — vas (14)
dig .
(Lg + LS) E ~ Vaag — Vg'd — Vds — 'LgRgQ
Ly
Ld T L (Vd( Uds)
(15)
Oy Wod _; _ Vgd = g (16)
“aar Ry
d’Ud .
(Cd + 0‘12) E =1q — IO (17)
(Cd + ngCgs > dvds _ Cgs <'Ug’d - vgd)
’ Cgd + Cys dt Cga + Cys R
+ (id — leh + ig) (18)
(C + ngcds ) dvgs _ Cds (Ug’d - Ugd)
9 ng + Cds dt ng + Cds Rgl
Cya
N Cga + Cus (i —ien +1y)-
(19)

3) Mode III: Voltage-Fall Period: The voltage-fall period
starts when 74 = I. SiC SBD becomes reverse-biased, and it is
modeled as a voltage-dependent capacitance Cy(vy) [see (5)].
SIMOS still operates in the saturation region, and 7. is given
by (1b). Fig. 7(c) shows the equivalent circuit in this mode.
iy < iqand voltage drop due to ¢, in the power loop is neglected.
Applying KVL in the power loop and using the aforementioned
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approximations, we obtain (14). By using (14) and applying
KVL in the gate loop, (15) is obtained. Application of KCL at
the nodes ¢’ and 2, (16) and (17) are obtained, respectively. (18)
and (19) are obtained by solving the KCL equations at the nodes
g and d. (14)—(19) and (1b) govern the dynamics of this mode.
They form a set of coupled nonlinear first-order differential
equations, and FDM are used to obtain the solution. The analysis
of this mode is further divided into multiple submodes; each of
these modes is presented in detail as follows.

3) Submode III-A: In the beginning of this submode, SiC
SBD is reverse-biased and starts blocking voltage across it. The
difference iy — Iy charges the diode depletion capacitance Cy
and vy rises. Consequently, 74 starts to drop, and the difference
between ., and iq discharges the output capacitance (Cyq +
Cys) of the STMOS. In this submode, Cys > Cyq, Cys as vgs >
Vr1 [see (3), (4) and Fig. 4(a)]. The variation in Cyq and Cy, are
small, and hence, they are replaced by equivalent charge-related
capacitance given by (20) and (21), respectively. Applying the
above approximations on (18) and (19), we obtain (22) and (23),
respectively. Equations (14)—(17) along-with (22), (23), and (1b)
determine this submode’s dynamics. Submode III-A ends when
vg = Vo [see (5)].

1 Vac
Cepqg = Vi‘/‘/ (k2 (vas — Vr1) + k3) vas (20)
ac — Vr1 Jv,,
1 Vie
C = — k s — Vi ks)d s
b= gy (bt = Vi) + ko)
(21)
dvas iqg — lep +1g — vg/?z;fgd 22)

dt Cpsg +Cepo

C ' —
GDQ (id— ion + 1) + (vgd vgd>
d'Ugs ~ C’DSQ Rgl (23)

dt 14 Capq
Cpso

3) Submode III-B: This submode begins when vy = Vo
and Cy(vq) is represented by (5b). The output capacitance con-
tinues to discharge due to (., — 74). In this submode, variation
in Cy is small, and hence, C; is replaced by equivalent charge-
related capacitance given by (24). The governing equations of
this submode are similar to that of the submode III-A. This
submode ends when vgs = Vpy.

Cys

1 Vie
oot |
®” Vae — Vo Vo

3) Submode III-C: Submode III-C begins when vgs =
Vri. Cgq and Cy, can no longer be replaced by constant values
as the previous submodes and (3b) and (4b) are used for them,
respectively. As vgs continues to fall, both C'yq and Cy, increase
sharply [see Fig. 4(a)]. Consequently, the rate of fall of vy
reduces significantly, and a second slope is observed for the
vgs waveform (see Fig. 6). The variation of Cy is small in
this submode, and equivalent charge-related capacitance Cpg is
used for it. Equations (14)—(19) and (1b) governs the dynamics
of this submode. Based on the relative values of C'yq and Clys,

(kS ('Ud — VTQ) + k‘g) dvg. (24)
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Circuit for turn-OFF analysis.

Fig. 8.

the coupling between gate and power loop could be significant.
In such a case, drain-gate voltage vg, becomes equal to zero
before the SIMOS enters into the ohmic region and submode
III-C ends. However, if the coupling is not significant, SIMOS
enters the linear region before v4, = 0, and submode III-D does
not exist in this case.

3) Submode III-D: This submode begins when vy, = 0.
Cyq in this submode is a constant oxide capacitance given by
(3a). The governing equations are same as that of submode III-C.
This submode ends when vgs = Vgs(sat)-

Voltage fall period ends when Si SIMOS enters the ohmic
region. t3 denotes the total time period for Mode III. Due to
the complex coupled nature of the equations, FDM is used to
numerically compute the actual energy loss incurred in Mode
III. Tt is noteworthy that suitable approximations used in each
submode make the numerical procedure simpler.

4) Mode 1V: Ringing Period: When vgs = vgg(sat), ringing
period begins. i., depends on both vy, and vy, [see (1c)].
vgs < vgq, Vg and hence neglected for simplicity. Cy, Ly and
L, form an undamped tank circuit which can be solved with
the initial conditions: vy = Vi3 and iy = I3 obtained at the
end of Mode III. In practice, there exists high frequency ac
resistance and nonlinear channel resistance in the power loop,
which provides damping in the circuit and leads to energy loss.
The actual energy loss during Mode IV is obtained from (25). It is
found that E, is negligible compared to total turn-ON switching
loss (see Section VI).

1
Ey = 5Cpo (Vj(mam) - Vdi) (25)
Iy3 — I
Vd(max) = Vi + \/Z?C,[mo + (VdS - Vdc)2
where, w = L (26)

Cpo (La+ Ls)

The total actual switching energy loss during the turn-on switch-
ing transition Ey, ~ E5 + E3and turn-ONtime, o, = t1 + to +
ts.

B. Turn-OFF Analysis

The turn-OFF switching transition begins when Si SIMOS is
gated OFF. The turn-OFF behavioral model (see Fig. 8) is also
simulated in MATLAB/Simulink, and the important waveforms

13051
ModeV ModeVI ‘ ModeVII ‘ ModeVIII
= =
& B
2 3
Fig. 9. Turn-OFF simulation waveform.
L UdﬁVdc*Vds(oy;T-'g)LJ
La8lig~1, ig1 c - )
ydl(;,mz) d L ;Tid L a 0

Fig. 10.  Equivalent circuits for (a) Mode V, (b) Mode VI, (c) Mode VII, and
(d) Mode VIII.

are shown in Fig. 9. Similar to the turn-ON analysis, turn-OFF
analysis is also divided into four modes as follows.

1) Mode V: Delay Period: In the beginning of Mode V, Si
SIMOS is in the ON-state with a drop of Vds(on)l [see (27)]
and Iy flows through it. i.; depends on both vy, and vg, in
this mode [see (1c)]. SiC SBD is reverse biased and blocks
voltage (Vac — Vis(on))- Cya = Cox as vqy < 0 [see (3a)]. For
the entire duration of Mode V, vy < vq, Vge and hence, power
loop remains unaffected i.e., vg = Vie — Vis(on) and iqg = Io.
Fig. 10(a) shows the equivalent circuit of this mode.

Iy
Ve sion) = | 1 — — | Vi s(sa Ve 27)
ds(on) ( ICH(VGG)> tasar) (Vo) (

Mode V starts when SIMOS is gated OFF by applying
ve = 0V to the gate terminal. vy, of the SIMOS starts dropping
which in consequence also reduces i.j,. The difference (iq — 7.r)
charges the output capacitance (C,ss) and vy rises from Vis(on)-
As discussed in Submode III-C, the condition vy, = 0isreached
earlier/later than vgs = v4s(sqr) depends on the relative values

Wassaty Vaa) = kpVaa (Vaa — Van)
B(Vaa — Vin)?
Ty (V) = 2AGG = Vih)”
cu(Vaa) T3 0(Vag = Vin)
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of Cyq and Cy,. Equations (15)—(16), (18)—(19), and (1b) deter-
mines the dynamics of this mode with Vg = 0. These equations
form reduced-order coupled nonlinear differential equations and
are solved using FDM. The actual switching energy (E5) is
obtained by numerically integrating the product of v4s and ..
This mode ends when Si SJIMOS enters into the saturation
region, i.€., Vgs = Vgs(sat)-

2) Mode VI: Voltage-Rise Period: As the SIMOS enters into
the saturation region, Mode VI begins. Fig. 10(b) shows the
equivalent circuit. Initially, vgs = Vgs(sar) and ic, exclusively
depends on vy, see (1b). The difference iq — i.;, charges the
output capacitor, and v, rises. Analysis of this mode is similar
to the voltage-fall period analysis but in the reverse direction,
i.e., Mode III-D to Mode III-A (see Mode III). This mode ends
when SiC SBD becomes forward-biased.

Special Case: For low values of Iy and/or Ry, channel
current becomes zero before the voltage-rise period gets over. In
this case, Mode VII does not exist.

3) Mode VII: Current-Fall Period: When the diode gets
forward-biased, Mode VII starts. Except for the above-
mentioned special case, there exists a small difference between
14 and 7., which increases vgs beyond V. (see Fig. 9). Similar
to Mode II, a linear fall in channel current is assumed, i.e.,
’L'd ~ ich ~1I— mft. I= %(IDG + ICHG) where IDG andICHG
are the values of 74 and i, at the end of Mode VI. Consequently,
vgs =~ Vpg1 1s approximately taken to be constant. Fig. 10(c)
depicts the equivalent circuit of this mode.

A procedure similar to Mode II, along with the condition
that at time ¢t = t7, icp, = 0 or my = % is applied to obtain a
quadratic equationin m ¢. The roots of the above equation will be
well separated for an over-damped gate circuit. An approximate
value of m ¢ is obtained such that resultant Vp g1 = Ve + (La +
Ls)my is close to Vg [see (28)]. The actual energy loss in this
mode is given by (29). This mode ends when 4., = 0.

10 I0\? I
Vin + — + (—) +=

my = 2 26) 5 28)
.
RiCys (o, 050148 ),
B (0.516)% + I8

ty 1
Er :/ (I —myst)Vps1 = Vpsitr (I - §mft7> . (29
0

4) Mode VIII: Ringing Period: When v, falls below V}y,
tcn, = 0 and the ringing period starts. As v4, is comparable to
Ve, both Cyq and Cy, does not vary much and (20) and (21) can
be used for them. These capacitances form an undamped tank
circuit with the parasitic inductances Ly and Lg. In practice,
there exists high frequency ac resistance in the circuit that leads
to energy loss. The actual switching energy loss in this mode is
given as follows:

1
Es = §(CGDQ +Cpsq)(Vis: — Vi) (30
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Fig. 11. DPT Setup.
TABLE IV
DEVICE PAIRS USED IN THIS STUDY
Si SIMOS Rating (A) SiC SBD Rating (A)
Pair 1  TIPW65R110CFDA 31.2 CVFD20065A 26
Pair 2 IPP60R280P7 12 IDH04G65C6 12
Pair 3 STW37N60DM2AG 28 CVFD20065A 26
TABLE V
OPERATING CONDITIONS
Ve Io Ryo
V) (4) ()
Pair 1 400 5,10,15,20,25 5,10
Pair 2 400 2.5,5,7.5,10 5,10
Pair 3 400 5,10,15,20,25 5,10

V. DETAILS OF EXPERIMENT AND SIMULATION

In this section, a detailed description of the simulation and
the experiment is provided, and clear distinctions are made.

A. Details of the Experimental Setup

A DPT setup is designed to experimentally characterize the
switching transients of Si SJIMOS and SiC SBD pair (see
Fig. 11). It can operate at V3. = 400V and load currents till
Iy = 30 A. Two 8 iiF film capacitors and three 0.1 ;F ceramic
capacitors are used as the dc bus. A 150 pH air-core inductor is
used as the load.

The DPT is conducted for three pairs of devices (see Table IV)
and a wide range of operating conditions (see Table V). An
isolated gate driver, Si8271, and a +15/0V supply are used
for driving Si SIMOS. vy ¢ (t), vy (t), and ig(t) are the impor-
tant waveforms for switching dynamics characterization. These
waveforms are captured in an oscilloscope using the equipment
listed in Table VI and processed in MATLAB to obtain switching
losses, times, (di/dt) and (dv/dt). Propagation delay matching
was done before the experiment using the deskew fixture.

B. Description of Behavioral Simulation

The behavioral model, as delineated in section III, is imple-
mented and simulated in MATLAB/Simulink using a fixed-step
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TABLE VI
EQUIPMENT USED IN DPT

. waveforms
Equipment Part No. Key Features measured
Oscilloscope MDO3104 1GHz —
Deskew Fixture 067-1686-00 8V max —
Differential Voltage Probe ~ THDP0200 200MHz, 1.5kV Vg g (t)
AC/DC Current Probe TCPO030A 120MHz, 50A iq(t)

TABLE VII

PARAMETERS—OBTAINED FROM MEASUREMENT

Ldl Ldz Ls Lg le C;EQ

(nH) (mH) @H) @H P  @H

Pair 1 5759  54.617 9.5 10 4 15

Pair 2 58.1 47.85 14 10 4 15

Pair 3 57.85 53.74 9.2 9.5 4 15
TABLE VIII

STATIC DEVICE PARAMETERS—EXTRACTED FROM DATASHEET

Vin B 6 kp

V) ANV AV AV
Pair 1 4.5833 16.588 0.1521 0.378
Pair 2 4.317 11.53 0.0761 0.9
Pair 3 4.827 30.87 0.1047 2.5

discrete-time solver and a step size of 1 ps. This is referred
to as simulation in this article. The device characteristics are
obtained from their respective datasheets. By curve-fitting these
characteristics using (1), (3)—(5), the associated parameters are
extracted and listed in Tables VIII and IX. Note: C,, [see
(3)] is obtained from the gate charge characteristics [32]. The
external circuit parasitics are obtained through an experimental
procedure as illustrated in [30]. For the power loop inductance
measurement, the test voltage was set to 3.5 V. A current shunt
and a 120 MHz ac/dc current probe were used to measure the
device current. The same current shunt is used for measuring
device current in both DPT and parasitic inductance measure-
ment setups. Therefore, the inductance of the current shunt is a
part of the power loop inductance L . Hence, it does not require
to be compensated. Under elevated temperature conditions, V.
should be properly selected by considering the change in the out-
put characteristics. However, the parasitic inductance remains
invariant to temperature changes.

VI. EXPERIMENTAL AND SIMULATION RESULTS

This section validates the proposed analytical model (see
Section IV) through simulation and experimental results. Due
to the presence of circuit parasitics, loss [EéXp given by (7)]
measured from DPT can be significantly different from the actual
loss (E,y) predicted by the proposed model. Hence, DPT cannot
be directly used for validating the proposed model. An indirect
approach is adopted in this article where the behavioral model
is validated first by comparing its E;,, with Eg,, obtained from
DPT. The validated behavioral model is then used for verifying
the proposed analytical model. Fig. 12 depicts the procedure for

the proposed model validation.
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Behavioral /\
E DP.T /‘71\ Model /V\
xperiment : i 2
(simulation)
E/
eap El,, and Egip,

Vi: Validation of the Behavioral model and extracted parameters from
datasheet and measurement
Va: Validation of the Proposed Analytical method using behavioral model

Fig. 12.  Procedure undertaken for the proposed analytical model validation.

A. Validation of the Behavioral Model

To validate the behavioral model, key switching transient
waveforms [vg ¢ (t), i4(t)] obtained from the MATLAB simula-
tion of the behavioral model are compared with that obtained
from the DPT. Figs. 13—15 compares these key waveforms
during the turn-ON and turn-OFF switching transients for de-
vice pair 1 to pair 3, respectively. As evident, the waveforms
[vars (t),iq(t)] predicted by the behavioral model match closely
with the DPT experimental waveforms. The same observation
also holds true for the remaining operating conditions. To further
validate the behavioral model, the apparent losses obtained from
the simulation (E’, )and DPT (E’ ., ) are compared in Table X.

sim exrp
A close match can be observed between E;,, and £, can be

stm
observed. Hence, it can be concluded that the behavioral model is
sufficiently accurate in replicating the experimental waveforms
over a wide range of operating conditions. It further asserts the
accuracy of the extracted parameters from the datasheet and

measured circuit parasitics.

B. Validation of the Proposed Analytical Model Through
Simulation and Experiment

In this section, the proposed analytical model is validated
through simulation and experimental results. The validated
behavioral model from the previous subsection is taken as a
benchmark for validating the proposed analytical model. First,
the switching transient waveforms obtained from the proposed
model are compared with the behavioral model mode-by-mode.
Then, using behavioral as the reference, additional comparison
results like actual loss (F), (di/dt), and (dv/dt) are presented.

1) Modewise Validation of the Proposed Analytical Model:
To validate the proposed analytical model, key waveforms
(Vs> Vgs,ta, and i.) predicted by the analytical model are
compared with the behavioral model in Fig. 16 for pair I.
Whereas Fig. 16(a) compares the turn-ON transition waveforms,
the comparison of the waveforms during the turn-OFFswitching
transition is shown in Fig. 16(b). A close match can be observed
between the waveforms predicted by the two models. Due to
approximations used in the proposed model, the waveforms
show a slight deviation. However, it can be concluded that the
proposed analytical model is sufficiently accurate in predicting
the switching dynamics.
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TABLE IX
DyNAMIC DEVICE PARAMETERS—EXTRACTED FROM DATASHEET

c Cya Cas Vo Cyq
95 [ Cow  Cgao k1 ko k3 Caso ka ks ke Cao k7 ks kg Vao
®H | ®F  eH  dA/N)  pEYV) (pF) ®F  dAN)  (pFNV) (pF) ™ (pF)  A/N)  (pFNV) (pb) ™
Pair 1 | 3240 | 6650 3972 15 0.02334  8.8143 | 12960 25 -0.1666  103.68 100 1133 1.797 -0.01411  106.9169 200
Pair 2 | 761 1500 299.1 9 0.0057 1.3611 | 17830 55 -0.0374  22.615 | 4531 | 336.6 0.4 -0.084 15.0382 200
Pair 3 | 1950 | 5950 1414 10.23 0.006 1.103 12420  19.11  -0.0016  50.15 1009 | 1133  1.797 -0.01411 106.9169 200
[ — Experiment —--- Simulation |
Ryp =50, Ip = 10A Ryp =50, Ip = 20A Ryp =102, I = 10A Ryp =109, I = 20A
400 — =320 =
0 bars7 =ld |7 400 TR 12420
) . d7s
10 200 10 9 \ 10
o o i ™NJO 0 =~ oo
0 20 40 60 0 20 40 60 80
t(ns) t(ns)
(a) Turn-on switching transition
Ry = 50, Iy = 10A Ry = 50, Iy = 20A Ryp = 109, I = 10A Ry = 109, I = 20A
Vdrs’ 7 T Dt o1 T Ugrs
400 : ! 7"\\\20 400 $>‘d Ud': 2log 400 1 s =P\ og 400 g 20
1d 1d
200 {,‘_’l 10 200 AN 10 200 Toes 10 200 : 10
0 J’\v 0 0 ; 0o 0 o ; = T ; 0 o ; ;
0 50 100 15 0 50 100 150 0 50 100 150 200 250 0 50 100 150 200 250
t(ns) t(ns) t(ns) t(ns)
(b) Turn-off switching transition
Fig. 13.  Pair l—Comparison of simulation and experimental waveforms: superimposed [V;. = 400V].

TABLE X

COMPARISON OF APPARENT LOSS (E' = f OT 1,V 4dt) OBTAINED FROM SIMULATION AND EXPERIMENT (Ij IN A AND E’ IN puJ)

Pair 1 Pair 2 Pair 3
[400V, 5 Q] [400V, 10 Q] [400V, 5 Q] [400V, 10 Q] [400V, 10 Q]
Io Egim Eézp E;im E:zzp 1Io (A) E\/szm Eézp ‘/sim E;Tp Io E;im Ee’?wp
5 45.746 44.632 51.045 46.359 2.5 10.894 10.947 11.820 11.566 5 45.557 44.962
10 92.792 86.146 101.158 100.908 5 22.267 22.042 23.420 22.972 10 90.125 87.173
15 148.154 141.030 166.844 152.378 7.5 36.584 37.583 38.422 34.567 15 139.746 132.908
20 218.953 208.977 239.220 230.840 10 54.612 54.664 57.076 50.853 20 225.240 215.244
25 | 323347  312.253 | 334.080  325.900 25 | 317.688  305.805
[ Experiment ———-_Simulation |
Ry =5Q,Ip = 5A Ry = 5Q, Iy = 10.0A Ry =100, Iy = 5A Ryp =109, I = 10.0A
400 400 == 10 =
10 400 10
200 5 200 5 200 5
0 0o 0 0 0 0
0 10 20 0 10 20 30 0 10 20 30 0 10 20 30
t(ns) t(ns) t(ns) t(ns)
(a) Turn-on switching transition
Ry =59, I) = 10.0A Ry =109, 1) = 5A Ry = 109, Iy = 10.0A
100 e 7{»{
. ‘ans
200 g
v S
0 U S o
0 0 50 0 50
t(ns) t(ns)
(b) Turn-off switching transition
Fig. 14.  Pair 2—Comparison of simulation and experimental waveforms: superimposed [Vg. = 400V].

2) Comparison of Actual Loss, (di/dt) and (dv/dt):
Fig. 17(a) presents a comparison of actual turn-ON switch-
ing loss obtained from the proposed analytical model with
the behavioral model. Similarly, Fig. 17(b) compares the ac-
tual turn-OFF switching loss. A close agreement can be ob-
served between the actual switching loss predicted by the

analytical model and the behavioral model. A comparison
of (di/dt) and (dv/dt) predicted by the analytical model
with the simulation and the experiment is shown in Figs. 18
and 19, respectively. It can be observed that the analyti-
cal model can estimate (di/dt) and (dv/dt) with sufficient
accuracy.
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Ry =100, Iy = 25A

t(ns)

(a) Turn-on switching transition

Fig. 15.
[ Analytical —-=-- Simulation |
30 1 II 111 IV_+Modes+ V. VI VII
ich \ iq I
"' Q-‘ m 20 =5
20 1o ‘ \X v ieh 3
vag20 /N 10 \
i e L
f "‘“\E‘“—“_ﬂ” VT 042
0 Vi X 0 T
0 40 80 120 0 100 200 300
t(ns) t(ns)
(2) (b)

Fig. 16.

Pair 1—Comparison of modewise simulation and analytical wave-

forms: [400V, 20 A, 10€2] (a) Turn-ON switching transition (b) Turn-OFF

switching transition.

‘- Simulation

I Analytical

Pair 1, 5Q

Pair 2, 50

5 10 15 20

2.5

5 7.5

Iy (A
0(A) () B Io (A)
300 Pair 1,100 0 Pair 2,100
3 200}
=
B
&y 100}
0
5 10 1(5A) 20 25 , )
I Io (A
(b) Eops
Fig. 17.  Validation of analytical model [400 V]: (a) actual turn-ON switching

loss Eon and (b) actual turn-OFF switching loss Eoff.

VII. COMPARISON WITH THE PRIOR ARTS

In this section, the proposed model is compared with the
existing analytical model for high-voltage Si MOSFETS. It is
worth noting that only two such references exist [24], [25].
By using the behavioral model as the reference, important
switching transient-related quantities such as switching losses,
times, (dv/dt), and (di/dt) obtained from the proposed model
are compared with the prior arts. This reveals the merit of the
proposed analytical model as compared to the existing litera-
ture. A comparison of the turn-ON and the turn-OFF switching
dynamics is discussed in the following sections.

Ry = 100, Iy = 5A Ry = 100, Iy = 25A .
SO 20 J J o~ / . x

Vs ) 400r iy ™20 4000 ia 20

20 ‘ Var s’
110 200 in 10200} ; 10

6=
0 0 o 0 =t M0
0 50 100 150 0 50 100 150
t(ns) t(ns) t(ns)

(b) Turn-off switching transition

Pair 3—Comparison of simulation and experimental waveforms: superimposed [Vg. = 400V].
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§ 50.4
—~ 04 /“F
sls ), NP
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Io (A) Io (A)
(a) Turn-on (di/dt)
1 Pair 1, 5Q 0.4 Pair 2,100
= 0.8 o
g Z 0.
= 06 =
304 5
R4, o
0
5 10 15 20 25 . R
Io (A) ‘ Io(A)
(b) Turn-off (di/dt)
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A. Turn-ON Switching Dynamics

From Table I, it can be observed that both the prior art have a
similar model for analyzing the turn-ON dynamics. Equation [25]
is taken as the prior art for the comparison as it also considers
the reverse-biased capacitance of the diode. From Fig. 20, the
following observations are obtained.
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1) Prior arts underestimates the turn-ON switching loss (E,,,) is chosen for that mode. Whereas [24] is chosen for modes V
significantly. While this error is close to 41% at the oper- and VI, [25] is used for mode VII. This constitutes the prior
ating condition [5 2,5 A], it reduces to about 16.7% at art for the comparison with the proposed model. The following
[10£2,25 A] for pair 1. The error is more pronounced important observations are obtained from Fig. 21.
for pair 2 with the minimum error of 37%. The er- 1) Prior arts is observed to overestimate turn-OFFswitching
ror is observed to reduce with both Iy and Rge. On losses E, 5y by >50% for pair 1. However, the prior arts
the contrary, the proposed method estimates F,, with have similar performance in estimating s for pair 2.
less than 6.75% error for all device pairs and operating Due to a significantly higher (dv/dt) rate, switching loss
conditions. is small in mode VI, compensating for the prior arts’

2) Prior arts also shows considerable error in estimating the overestimation in mode VII. On the contrary, the proposed
turn-ON switching time ¢,,. Whereas the error increases to model has an accuracy of >92% for all device pairs and
about 14% at higher currents for pair 1, an opposite trend operating conditions.
is observed for pair 2. In contrast, the proposed model has 2) It is observed that prior arts significantly underestimate
an error of less than 5% for all operating conditions. the turn-OFF switching time ¢, . The error of more than

3) Both the proposed method and the prior arts perform 10% and 40% are observed for pair 1 and pair 2, respec-
equally well in predicting (di/dt),, during the turn-ON tively. Underestimating turn-OFF times may lead to shorter
switching transients. dead times, causing shoot-through events. The proposed

4) Prior arts is observed to overestimate the (dv/dt),, con- method, in contrast, has an error <7% for all conditions.
siderably. The error can be as high as 40% at low gate 3) Both the proposed method and the prior arts
resistance. It reduces with both I and R 5 for pair 1. This predict the turn-OFF  (di/dt)oy  with  similar
overestimation is even more pronounced for pair 2, with a accuracy.
minimum error of about 142% at all operating conditions. 4) Tt is also observed that (dv/dt)g is significantly over-
In contrast, the proposed method has an error of less than estimated by the prior arts. While error is estimating
16% and 9.58% for pair 1 and pair 2. (dv/dt)f is more than 80% at R, = 5, it reduces to

a) Turn-OFF switching dynamics: From Table II, it can be about 62% at R, = 10€) for pair 1. Overestimation is

observed that prior arts have different performances in the modes
V-VILI. For a given mode, the prior art with the best performance

even more pronounced for pair 2 with a minimum error of
about 250% at all operating conditions.
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VIII. IMPACT OF IMPORTANT PARASITICS ON THE PROPOSED
MODEL

This section briefly discusses the impact of the external circuit
parasitics on the outcome of the proposed model, such as loss,
time (di/dt), and (dv/dt). Among the considered parasitics
in this article, the impact on C,; and L, is presented as they
significantly impact the model’s outcomes.

For a practical converter C,; can vary in the range
(5,15)pF. The impact of C,; variation on the turn-ON and
turn-OFFswitching losses is shown in Fig. 22(a). Similarly, its
impact on (di/dt) and (dv/dt) are shown in Fig. 22(b) and
(c), respectively. It can be observed that whereas switching loss
and (dv/dt) is impacted significantly due to variation in C1,
(di/dt) is least affected. On the other hand, L significantly
impacts the switching losses and (di/dt). Whereas, (dv/dt) is
weakly dependent on L. It can also be observed from Figs. 22
and 23 that the proposed model can incorporate the parasitic
parameter variation for estimating its outcomes with sufficient
accuracy.

IX. COMPARISON WITH THE GATE CHARGE, SPICE, AND DPT
METHODS

This section compares the switching loss estimated by the
proposed analytical model with the conventional gate charge
method [33] and the apparent loss estimated by the SPICE
simulation and the experimental (DPT) method. The behavioral
model (simulation) is taken as a benchmark for comparison as
it is sufficiently accurate in predicting the switching dynamics.
The losses estimated by the gate-charge method are significantly
different from actual loss [34].

As mentioned in Section III, due to the inaccessibility of the
internal nodes, it is not possible to obtain actual drain-source
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voltage and channel current from the SPICE simulation and
DPT experiment. Hence, only apparent loss E’ [see (7)] can
be obtained from these two methods, and it can be significantly
different from the actual loss £ [see (6)]. To show this, the actual
switching loss obtained from the proposed analytical model is
compared with the apparent loss obtained from SPICE and DPT
in Fig. 24. The percentage error in these plots is computed with
the actual switching loss obtained from the behavioral model
as a reference. It can be observed that both SPICE and DPT
have similar performance in predicting the switching losses.
Whereas they underestimate the turn-ON loss, turn-OFF losses
are significantly overestimated. Hence, it can be concluded that
losses obtained from SPICE and DPT can differ from actual
losses considerably.

X. CONCLUSION

In this article, an improved analytical model is presented
for studying the hard switching dynamics of Si SJMOS and
SiC SBD pair. Unlike the existing literature for high-voltage Si
MOSFETS, this article considers nonlinearities in channel current
and capacitance of Si SIMOS and reverse-biased capacitance
of SiC SBD. In addition, it also takes parasitic capacitance due
to PCB layout into account. The proposed analytical model is
derived by dividing switching transients into multiple modes
and applying suitable approximations in each mode. This results
in either closed-form expressions or reduced-order nonlinear
equations, which is solved using FDM. Experimental and sim-
ulation results for three pairs of 650 V Si SIMOS and SiC
SBD with different current ratings validate the proposed model.
The presented model is also valid for the entire spectrum of
Si SJIMOS and 650 V SiC SBDs. It is noteworthy that the
existing models of low-voltage Si MOSFETS, GaN HEMTs, and
SiC MOSFETS are not directly applicable to Si SIMOS due to
differences in characteristics.

The proposed analytical model achieves a precise estimation
of switching loss (with less than 5% error for E,, and less than
8% error for Ey) across the majority of operating conditions.
Moreover, it demonstrates high accuracy in predicting time,
(di/dt), and (dv/dt), with accuracies exceeding 97.5%, 92%,
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Fig. 25.  Turn-ON switching transient waveforms: (a) Kelvin-source config-

ured Si STMOS and (b) common-source configured Si STMOS.

and 94%, respectively. In addition, the proposed model can
accurately estimate the turn-OFF delay time due to the accurate
modeling of the gate-drain capacitance adopted in this article,
which is essential for the proper selection of dead time. As a
result, this article presents significant improvements over the
existing literature on high-voltage Si MOSFETS and also estab-
lishes the importance of modeling the nonlinearities. Among the
popular switching loss estimation techniques, gate charge results
in a significant error. DPT and SPICE-based simulation perform
moderately well for most operating conditions. However, the
loss obtained from DPT and SPICE can be considerably different
from the actual loss.

APPENDIX

A. Analytical Model for Si SIMOS in Kelvin-Source
Configuration

To analyze the switching dynamics of Kelvin-source config-
ured (TO-247-4 packaged) Si SIMOS, the equivalent circuit
shown in Fig. 2 can be used. However, the value of common-
source inductance L is very small (= 0.2 — 1nH) due to the
Kelvin-source connection.

Turn-ON simulation waveforms obtained for both TO-247-4
packaged and TO-247-3 packaged Si SJIMOS are shown in
Fig. 25. As evident, vgs of TO-247-4 packaged Si SIMOS
experiences a significant fall during mode II. As a result, the
gate and the power loop get fully coupled through Cgyq and
Cy1. Note: vy, can fall by more than 50% of its initial value
(Vie). Consequently, approximations stated in Section I'V-A are
not applicable. Note: L, is ignored as it does not significantly
impact the switching transients. (31)—(33) govern the dynamics
of mode II and can be solved using FDM. Analysis for the other
modes (Mode I and III) remains the same

dvgs dig dvgs
N T —— s+ Ls— — 1
Vae = 11 ot + vgs + L, LT (€29)
di
vas = Vae = (Lac + Ls) = (32)
. . dvds
(Zd - Zch) ~ (Cds (vds) + ng(vdg) + Cxl) dt . (33)

Coss(eq) (Vdg,Vds)

The analysis of modes V and VI also remains the same as they
are negligibly impacted due to small L,. However, it impacts
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TABLE XI
'VALIDATION OF THE ANALYTICAL MODEL

Rgy2 Iy Turn-on switching Transient Turn-off switching Transient
) | &) ton (ns) Eon (1) tofs (nS) Eory (1D
5 A 45.958 31.277 163.752 0.671
10 S 49.375 32.047 175.86 0.656
5 A 43.876 77.764 153.04 87.415
S 56.24 80.34 154.095 84.515

A - Analytical Model S - Behavioral Simulation

Mode VII. vy experiences significant variation in this mode,
resulting in coupled dynamics similar to mode II, which can be
solved numerically. On the other hand, v4s was approximated
to be constant and ¢4 ~ i, for common-sourced Si SIMOS in
this mode.

The validation of the analytical model developed for the
Kelvin-source configured Si SIMOS is done along similar steps.
Fig. 26 compares the experimentally obtained vyy, Va5, and ig
waveforms with the behavioral model for the operating condition
Vie =400V | Rgo = 109, Iy = 15 A. It can be observed that
the model can predict the switching transients with good accu-
racy. However, a slight deviation is observed in the estimation
of vy s and vy ¢ overshoot. The behavioral model is then taken
as a reference for validating the analytical model for TO-247-4
packaged Si SIMOS. Table XI shows switching transient times
and losses obtained from the analytical model match closely
with the behavioral model. This validates the analytical model
for the Kelvin-source configured Si SIMOS. From these results,
it can be concluded that, by suitably modifying the analytical
model presented in Section IV for the common-source config-
uration during the modes II and VII, an analytical model for
Kelvin-source configured Si SIMOS can be obtained, which is
sufficiently accurate in estimating the switching losses.

B. Comparison of Proposed SiC SBD Capacitance Model
With Existing Nonlinear Models

A comparison of the proposed reverse-biased capacitance
model of the SiC SBD with the existing models in the litera-
ture [14], [35], [36] is presented in this section. These models
are listed in Table XII. The performance of these models in
representing the capacitance characteristics obtained from the
diode’s datasheets is also shown in Fig. 27 for three 650 V rated
Schottky diodes (CVFD20065 A - 57 A, C6D10065 A - 37 A
and IDH04G65C6 - 12 A).
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TABLE XII
SIC SBD REVERSE-BIASED CAPACITANCE MODELS

Reference Diode’s Capacitance Model Cg(vq)
351 =
: rd ym
O+ 7
0
(14 2dym
o
0
14 0 __4c
[14] 1T hlog)™ 1
Proposed » —0.5
Piecewise { Cao |1+ V—d va < Vra
Capacitance J
M(Fdel ks(vas — Vir2) + ko va > V2
[— From Datasheet —— Proposed Piecewise Capacitance Model — [35] = = [36] == [14]
10
~ &
@ = | i g0k
& =
= s
= =
< S
S 102 _
0 200 400 600 0 200 400 600 200 400 600
va (V) va (V) va (V)

(a) CVFD20065A (b) C6D10065A (c) IDHO4G65C6

Fig. 27. Comparison of SiC SBD reverse-biased capacitance models: (a)
CVFD20065 A, (b) C3D080651, and (c) IDH04G65C6.

Among the existing models, [35] is a well-known model used
to represent the SiC Schottky diode’s capacitance. Although it
can adequately model the low-voltage region of the capacitance
curve, a significant deviation is observed in the high-voltage
regions (see the dark green curve in Fig. 27). Wang et al. [36]
extended the model given in [35] by adding a constant term
() to obtain a better fitting result in the high-voltage region.
However, it still has distinct mismatch regions (see the dotted
magenta curve in Fig. 27). The junction capacitance model of
the low-voltage Si MOSFETS (<40 V) was used in [14] with an
additional constant term C7. It has a performance similar to [36]
(see the dash-dotted black curve in Fig. 27). In contrast, the
proposed piecewise model can accurately represent the reverse
capacitance of SiC SBD throughout the voltage range (see the
red curve in Fig. 27). It is also to be noted that this capacitance
was either neglected [24] or considered to be constant [25] for
the switching dynamics analysis of Si MOSFETS in the earlier
work.

C. Guidelines to Select Proper Time-Step for FDM

In this work, the forward Euler-based FDM is used to solve the
set of reduced-order nonlinear differential equations obtained in
some modes of the analytical model. For an explicit method
such as the forward Euler, it can be shown that the method
will converge if the step-size (h) used satisfies (h < 2/|Amax|)
where Anyax is the maximum eigenvalue of a linear system [37].
However, in a nonlinear system, obtained eigenvalues of the
linearized system also keep varying, and it is difficult to deter-
mine the maximum eigenvalue. Here, we present a guideline to
obtain the proper time step for solving a nonlinear switching
transient circuit with nonlinearly varying device capacitances.
1) Linearize the system at operating points where devices’
capacitances are minimum. This can be done at the voltages
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Fig. 28.  (a) Representative waveforms of conventional boost PFC. (b) Equiv-
alent model during switching.

where capacitances undergo a sharp change and attain a very
small value. 2) Obtain the eigenvalues of the linearized system
at all such operating points. 3) Select the maximum eigen value
| Amax| from the obtained set of eigenvalues. 4) Select a time-step
such that such that h < (0.1/1) condition is satisfied. This will
lead to both stable and accurate results, and no convergence
issues will be encountered.

D. Implemenation of the Proposed Analytical Model in
Conventional PFC Circuit

The conventional boost PFC topology is shown in Fig. 1,
and its representative waveforms over half a line cycle are
shown in Fig. 28(a). |Vi,| represents the rectified voltage after
the diode-bridge and ¢;, denotes the inductor current in phase
with |V, |. Note: current ripple is ignored to present a simpler
analysis. During each switching instant, the inductor current (¢ ,)
and output voltage (V4.) do not change significantly. Hence, the
PFC can be modeled as an equivalent buck circuit, as shown in
Fig. 28(b). Then, the proposed model can be used to estimate
the switching loss ( Ey,, ) during turn-ON and turn-OFFtransitions
(see Figs. 6 and 9). As iy, varies sinusoidally, switching loss
estimation is carried out at multiple operating currents Ij. In
contrast, conduction loss is relatively simple to obtain and
independent of frequency. For a given loss budget and maximum
allowable junction temperature, the switching frequency of the
PFC converter can be obtained.

To illustrate this, a 2 kW conventional boost PFC with a unity
power factor is considered. It has a single phase supply of Vi, =
230 V , 50 Hz as input. The current through the boost inductor
iz, is sinusoidal with a peak of I, = V/2(2000)/ Vi, = 12.3 A.
The proposed analytical model is used to estimate switching loss
at multiple load currents, which is then curve-fitted to obtain
total switching loss as a function of load current, as shown
in Fig. 29(a). By integrating over the line cycle, the average
switching loss can be obtained as

I _
Psw = fsw (T/O Esw(ZL)dt)

= % (azfzkﬂ' + 4a1]pk + 2@()71’)

(34)

(35)
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0
Piotal = 116.7516 fs + 17.5773 W. (38)

Conduction loss can be obtained as (37). The first and sec-
ond terms denote conduction loss in the MOSFET and diode,
respectively. With Ry, = 0.099Q, V; =0.9681V and Ry =
0.01885 €2 are obtained from the datasheets of Si SIMOS and
SiC SBD, Peonq = 17.5773 W. The total loss as a function of
frequency is shown in (38). Now, for a maximum loss of 2%
in the power device, i.e., Pio = 0.02 % 2000 W and maximum
junction temperature of 110 °C with case temperature (77.) fixed
at 80 °C, the switching frequency can be selected as shown in
Fig.29(b). It can be observed that fy, = 155 kHz can be selected
as junction temperature exceeds the maximum 7} allowable
value of 110 °C much before it hits the loss limit.

E. Guidelines for Selecting Gate Resistance

The gate driver circuit can significantly influence losses,
(dv/dt) and (di/dt) through external gate resistance Rgo.
Fig. 30 shows the effect of R,o on these important quantities
for device pair 1 (IPW65R110CFDA and CVFD20065 A), for
Vie =400V and Iy = 20 A. As evident, (dv/dt) and (di/dt)
reduce with the increase in Rgo, whereas switching loss in-
creases substantially. Therefore, the selection of R 9 is a tradeoff
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between the total switching loss and (dv/dt), (di/dt). Note: gate
voltages are usually fixed (+15V/0 for Si SIMOS).

The selection of R» is illustrated by considering an example.
Say, from the efficiency perspective, the total switching loss is to
be kept less than 180 pJ. At the same time, (dv/dt) and (dv/dt)
should be less than 27.5 V/ns and 0.6 A/ns, respectively. From
Fig. 30, R,o should be greater than 10.89€) and 10.44(Q2 for
satisfying the (di/dt) and (dv/dt) requirements, whereas R o
should be less than 13.662 for meeting the loss limit. There-
fore, Ryo € (10.89,13.66) 2 is a feasible solution. However,
for more stringent requirements, it may not be possible to meet
loss and slew rate requirements simultaneously.

FE. Generality of the Model

The circuit-based model, as depicted in Fig. 2(b), (1), (3),
(4), is verified across a spectrum of Si SJIMOS sourced from
various manufacturers and featuring diverse voltage and current
specifications. This encompasses Si SIMOS rated at 500 V
(IPASOR380CE), 600-650 V (FCH040N65S3, IPA65R065C7,
IPA60ROSOP7, IPW60R017C7, R6012JNJ, R6030JNZ4,
STP18N60DM2, STWA45N65MS, STY112N65MS5S) and
950 V (IPW95R130PFD7). Similarly, the model [shown in
Fig. 2(c), (5)] is verified for multiple 650 V SiC SBD from
different manufacturers and current ratings (GE1I0MPS06 A,
IDDD20G65C6,  LSIC25D065D20 A, PSC1065 A,
SCS210AM, SCS220AGC17, STPSC10H065, STPSC20065-
Y, C3D10065 A).
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