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Abstract—Switching transients of SiC MOSFET is fast com-
pared to its Si counterpart. Fast switching transient reduces
switching loss but may induce prolonged oscillations, spurious
turn on, high device stress and 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 paper presents an analytical 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 non-
linear 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 behavioural simulation and
experiment for two 1.2kV discrete SiC MOSFETs.

Index Terms—Soft switching, Turn off, dead-time, Double pulse
test, Modelling, SiC MOSFET, ZVS, EMI

NOMENCLATURE
Vin Threshold voltage
K, Saturation region transconductance
Ky Ohmic region transconductance factor

0 Transverse electric field parameter

Py Pinch-off voltage parameter

Ryint Internal gate resistance of SiC MOSFET
Ryeat External gate resistance

Rg(drivery Gate driver internal resistance

Vea,Ver  Positive and negative gate supply voltage

Ty Fall time of gate supply voltage

Vgs,Vds>Vdg Gate source, drain source and drain gate volt-
age of SiC MOSFET

Cys,Cas,Cyq Gate source, drain source and gate drain

capacitance of SiC MOSFET

Gate source part of oxide capacitance of SiC

MOSFET

Coxd
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I. INTRODUCTION

Superior switching, conduction and thermal performance
of SiC MOSFET enable designers to increase the switching
frequency of SiC MOSFET-based hard switched converters
by 5-10 times compared to state of the art Si IGBTs based
converters (5-10kHz — 50-100kHz) [1]. To further increase
the switching frequency, zero voltage switching (ZVS) topolo-
gies 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 minimum gate resistance is limited by the internal gate
resistance of the SiC MOSFET, the gate driver peak current
rating and the damping of the gate circuit. Also, fast switch-
ing transient of SiC MOSFET excites circuit parasitics that
can lead to sustained oscillation, 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 MOSFETs in a half-
bridge pair is considered [10], [11].

Addition of external drain source capacitance results in
reduced 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 variable 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 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 possible
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to experimentally determine the switching loss through mea-
surement due to the presence of device and circuit parasitics
[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 set-up [16]. Typically, these set-ups are
not available in a regular converter development laboratory.
In general, experimental measurements may be erroneous and
the experimental set-ups are not available in the early stages
of converter design.

Physics based model [17], [18] and behavioural 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 pa-
rameters those can not be extracted easily from the device
datasheet. The behavioural model is another simulation based
approach and it can also capture the switching transients
with sufficient accuracy [19], [20]. However, it is challeng-
ing to simulate the behavioural 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 manufacturers provide Spice based
behavioural 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 behavioural simulation does not provide
insight into the switching process and applying it for a large
number of operating points is time-consuming.

Analytical modelling approach is derived from the be-
havioural model through approximations. This approach pro-
vides insight into the switching process and overcomes most
of the shortcoming of previously stated models. Analyical
models are fast compared to behavioural 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 not applicable 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 applicable for capacitor
assisted soft turn off switching dynamics. Analytical modelling
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 loss, transition rates and transient over-voltage (case
study is provided in Appendix). [6], [8] considers the external
drain source capacitance in the analysis. However, these mod-
els are not accurate enough to study different aspects of soft
turn-off switching transient and optimal external drain source
capacitance design. Section II presents the limitations of the
models given in [6], [8] on the mode by mode basis.

This paper presents an improved analytical model to study
the soft turn off switching dynamics of SiC MOSFET in pres-
ence of an externally inserted capacitor. It is based on the be-
havioural model given in [24]. The proposed model overcomes
most of the limitations of [6], [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 circuit parasitics along with the external drain
source capacitance. It is also used to estimate the minimum
external capacitance necessary 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 behavioural 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 paper 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
behavioural 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 set-up 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 analyt-
ical approaches present in existing literature for the turn-off
dynamics of SiC MOSFET along with their shortcomings and
the improvements done by the present work.
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Fig. 1: Piecewise linear turn off transition waveforms: (a) Soft
switched, (b) Hard switched

To understand the turn off transient, a half-bridge configura-
tion is considered with devices Q7 and ) . Input is connected
to a DC voltage source V. and output load is ideal current
sink Iy (Fig. 1). Illustrative waveforms of soft and hard turn
off switching transients are shown in Fig. 1(a) and Fig. 1(b)
respectively. During the turn off switching transition, Q)p is
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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 e 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
e External drain source capacitance is directly be estimated using this analytical model.

[6] . . . R . .
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. e 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.
‘ (6] ‘ e This mode has not been solved in this model. ‘ . Time peri‘o.d of this mode, (di/dt) and transient over-voltage
. can not be estimated
Drain current
fall I " e Similar to voltage rise, the impact of gate circuit is minimal and
e Fully coupled dynamics of gate and power L . . ; .
[8] A > . e s simplified expression of current fall time, (d¢/dt) and transient over-
circuit is considered without any approximation. .
voltage can be obtained.
TABLE II: Mode wise improvements done by the proposed analytical model
Mode Improvements
e Coupled dynamics of gate and power circuit is considered.
Delay 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 MOSFETs [22],
e A detailed model of the transfer capacitance, appropriate for SiC MOSFETSs [28], is used.

[23].

e A better channel current model, modified square law [22], [23], is used.
Channel current e The external drain source capacitance is connected after the lead inductance (see Fig. 2(b)).
collapse e The effect of external parasitic gate drain capacitance is considered here which has a significant impact in this mode [7].
e 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 | o

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

turning off and load current [y is commuting from Qg to
the body diode of Q7. v4s, v4s are gate-source and drain-
source voltage of @ p and ¢4, and i., are the DC bus current
and channel current of Q. vgs(7) represents the drain-source
voltage of Q7. In Fig. 1(a), i.4(t) collapses to zero before
vas(T) reaches zero value whereas in Fig. 1(b), vgs(r) reaches
zero value before i.,. The first scenario (see Fig. 1(a)) is
defined as soft turn off and the later one (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
Mode IV respectively.

Mode I (Delay): After gate supply is turned off, vy, 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., collapses to zero.

Mode III (Voltage rise): This mode starts when ., col-
lapses to zero and ends when the free-wheeling diode of Q1
gets forward biased.

Mode IV (Drain current fall): Drain current fall period
starts after the free-wheeling diode of Q7 gets forward biased
and ends when 74, reaches zero.

The assumptions made by [6], [8] and resulting limitations
in mode by mode basis are summarised 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
over-voltage. The improvements done by the proposed analyt-
ical model is given in Table II on the mode by mode basis.

III. BEHAVIOURAL MODEL

To analyse the soft turn off switching dynamics of SiC
MOSFET, a half bridge configuration is considered (Fig. 3(a))
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Fig. 2: Equivalent circuit model for behavioural model: (a)
model given in the [6], (b) model used in this work

Vee

Fig. 3: Circuit configuration for soft turn off switching tran-
sient analysis: (a) Half bridge configuration, (b) Equivalent
circuit model of SiC MOSFET

where Q7 and Qg both are SiC MOSFET. @ p is the active
device and Qp is used as synchronous MOSFET. Input is
connected to an ideal DC voltage source V. and the output
inductive load is modelled as a current sink Iy. SiIC MOSFET
is modelled as a three terminal device with external terminals
gate (g'), drain (d') and source (s). C.y; is the external
capacitance connected directly across the d’ and s’ nodes of
both the MOSFETs. v is the applied gate driver voltage,
which has two levels, Vg and Vg respectively. When the
gate signal is removed, vgg changes from Vg to Vg with a
fall time T'y. Ryeq 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 behavioural model of the
SiC power MOSFET is shown in Fig. 3(b). Ry, is the
internal gate resistance of the MOSFET. Channel current
ich = 0 for vy < Vip, (Cut-off). For vgs < (vgs — Vin)/Poy
and vgs > Vy, (ohmic), 4., is modelled as (1). For vg, >
(vgs — Vin)/Pyy and vgs > Vyy, (saturation), i.;, is modelled
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.

y—1

KpKy <(“gs — Vin) vas — < U; ) (vgs — Vin)*™¥ st)
- 1
(1+6(vgs — Vin)) M

ich (vgsa Uds) ~

Kp (Ugs - ‘/th)2

_— 2
2(1+9(Ugs 7‘/th)) ( )

ich (Ugs) ~

Cys is modelled as a constant capacitance whereas Cgyq
and Cy, both are non-linear functions of v4, (3) and vy (4)
respectively.

k
Comd:kila _OO<Udg<O
3
k1
N 1/2 ) 0 § Vag < V;&d
d
Cya(vag) = (1 + k;) + k3 (3)
2 1/4° V;td < Vdg < o0
(1 | Vg — th)
ks
k
Cas(vas) = s “4)

The top MOSFET is modelled as a non linear voltage depen-
dant capacitor C\,ss in the reverse biased condition and it is
a function of drain source voltage vgy7) of Q7 (5). When
the body diode of the top MOSFET gets forward biased, it is
modelled as an ideal diode with zero voltage drop (vgs(r) ~ 0)
across it. kg and kg can be obtained using (5) through curve
fitting. Details of device modelling is provided in [24].

k
Coss (Uds(T)) = i 1/2 (5)

Due to the fast switching transition, external circuit para-
sitics play a significant role in switching dynamics. External
circuit parasitics are Ly, Lg, Lg4. and Cg/d/(wt) (see Table
II). Ly 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 Q7 and Q5.
This model will be still valid if the inductances for Q7 and Q) g
are different. L4 is the summation of the DC bus inductance
and the connection inductance between the MOSFETs. L,
is the parasitic inductance common to both gate and power
circuit loop whereas Ly and L. are part of only power circuit
loop. Cyra/(exty is the external parasitic capacitance between
g, d’ nodes. Circuit parasitic values get impacted due to both
device package as well as PCB layout.

TABLE III: External circuit Parasitics

Lgc Power loop inductance

Ly Drain inductance of SiC MOSFET

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

Simulated waveforms using behavioural model are plotted
for SiC MOSFET C2M0080120D from Wolfspeed in Fig.
4(a) and 4(b) for parameters (Vyc, I, Rgext, Cert) equal to
(800V,20A4,2.5Q,470pF") and (800V,20A4, 8.5, 100pF’) re-
spectively. Device and the external circuit related parameters
used for simulation are listed in the experimental set-up
section. Extracted waveforms from the simulation are v,
Vds> Uds(T)»> td> tdc and icp. Time evolution of gate source
vgs(t) and internal drain source voltage vgs(f) along with
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Fig. 4: Simulation waveforms of C2MO0080120D: (a) Soft
switched, (b) Hard switched

100

the channel current 4. (¢) during switching transitions are
important for the study of switching dynamics and switching
loss estimation. Due to the presence of Lg, Ls, Rgint, Cext
and device parasitic capacitances, it is not possible to measure
these waveforms experimentally. The measurable waveforms
are vgrg (1), vars (t) and ig.(t) (Fig. 3). Actual switching loss
in the MOSFET is given by (6) and the measured loss is given
by (7), where Ty is the turn off switching transition time. It
can be observed from Fig. 4(a) that ¢.;, collapses to zero before
vas(T) Whereas vg,(T) reaches zero before i.p, 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 paper, the turn
off switching transition is considered to be soft switched when
ich collapses to zero before vqy(ry. Using this definition, turn
off switching transient of Fig. 4(a) is soft switched whereas
switching transient of Fig. 4(b) is hard switched.

Tosy
Eors :/ Vs (T)ien(T) dT 6)
0

Tory
off = /0 Vars (T)ide(T) dT (7)

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

At first, an analytical model to study the soft turn off
switching dynamics of SiC MOSFET is proposed. Then this
analytical model is used to estimate the minimum external
drain source capacitance (Cey¢(min)) required to meet the soft
switching condition for a given operating condition.

A. Analytical model

The objective of this section is to analyse the turn off
soft switching dynamics of SiC MOSFET and accurately
estimate transition time (7, s), actual switching loss (E,y),
(dv/dt),;; and (di/dt),,, rates and transient over-voltage
(Vias(max)) Tor a given operating condition (Vy., Ip), gate
driver parameters (Vgg, Vaa, Rgert), datasheet related param-
eters of the devices (Vin, Ky, Ky, 0, Rgint, Cgs, Cga(vag),
Cis(vas), Coss(vas(ry)) and the value of external capacitor
Cezi. High value of Cgpy helps in reducing (dv/dt)off,
(di/dt),;; rates and Eozf but T,pp 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 C,,; is important that keep a balance between the
achievable (dv/dt), ;. (di/dt),,, rate, Tops and Eopp. The
external circuit parasitics (Lge, La, Ls and Cgrgr(eqt)) can
be approximately estimated from package information and
electromagnetic 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) (Fig. 4). tj,
trr, trrr and try are the time period of Mode I to Mode IV
respectively.

2R Cent

Fig. 5: Equivalent circuits of Mode I

1) Mode I (delay period): At the start of Mode I (delay
period), vgs is equal to Vgg and the full load current Iy is
flowing through the SiC MOSFET, so i4. = i1q = s = I
(Fig. 3). @p is in ohmic region and vqs = Vis(on) = IoRon,
where R,, is the on-state resistance of the SiC MOSFET.
Qr is in cut off region and it is blocking voltage vg,(1) ~
(Ve — IgR,y,). When the gate is turned off, the gate driver
voltage vgi will change from Vg to Vg (see Fig. 5).

The primary assumption of this mode is iq. =~ Iy. This
approximation holds good because of the change in vy
during Mode I is small and the presence of comparatively
large inductance in power loop (L) restricts the change in
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Fig. 6: Simulation waveforms of Mode I

power circuit state variables (igc and vgr g (1)). SO 14 and
Vgrer(T) temain almost constant to their initial values (see
Fig. 6). For the entire Mode I, g is in ohmic region,
SO icp is a function of both vy, and wvgs, (1). As vgg is
small during this mode, Cyq(vgq) is large compared to the
external parasitic capacitances Cy/ g/ (c.¢) and its effect can be
neglected. Fig. 5 represents the equivalent circuit of this mode
where Ry, = (Rgeqt + Rgint). Mode 1 is divided into two sub
modes, a) Sub Mode A and b) Sub Mode B respectively (see
Fig. 6).

a) Sub Mode A: During Sub Mode A, vgg changes from
Vae to Vg 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 g, d, s and
d', d, s, s’ gives (12) and (13) respectively. During this sub
mode vgg < 0, s0 Cyq(vag) = Coza, (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) ~ (digq/dt).
. d’U s d d
ig = Cgs di + Cya(vga) di ®)
. dvg dvgs
(tg — tch) = ng(vdg)Ttg + Cds(vds)w &)
d’Ud/ ’
Iy = Cos 10
0 ="1tq+ Cept—— 7 (10)
. dis
VEE:Rng—’—UgS—"_LSE (11
Vgs = Vgd + Vs (12)
dig dig
v = gs + L .2 13
Varsr = Vgs + Lg— 7 + 7 (13)
iy = iq+1ig (14)

From (13) with approximation (dis/dt) ~ (dig/dt), we get
(15). Using (8), (9), (11), (12) and (15) with Cyq(vig) = Cozds
we get (16) and (17) where the expression for i.j(vgs, Vas)
and Cy,(vgs) are given in (1) and (4) respectively. (dvgs/dt)
and (dvgs/dt) are of comparable magnitude and the gate
and the power circuits are fully coupled through L, and
Cya(v4g). Time evolution of the four state variables of this
sub-mode (vgs, Vgs, Vq's and iq) is obtained by solving
(10), (15), (16) and (17). This forms a set of coupled non-
linear differential equation and finite difference technique is

employed for solution. The initial conditions are vy, = Vga,
Vgs = Vqrsr & IgRopn and iq = I.

dig _ (Vas — Vds
dt Lqg+ L

id — ich
V RyCora | === | —vgs —
BE * g d (Cuwd + Cds(”ds)) ”g

5)

dvgs ~ Lg+ Lg
dt - R 2
R, (Cys + Copg) — ———J—0xd
( J ( g d) CU.Ld + Cds(vds))
(16)
dvgs ~ (iqg — en) + (R_q Cyo + Cozd)) (VEE Vgs L. L.
dt h Cgl.(l
<(Cozd + Cas(vas)) — m)
(17)

Sub Mode A ends when vy, = vgqs or vgg = 0 and ¢ 4 is the
time duration of this sub-mode. At the end of this sub mode
Vgs = Vgs14, Vas = Vigs14, Vars = Virsr1a and ig = Ig1 4.

b) Sub Mode B: vy, > 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 vq, € [0,V;q) during this sub
mode, C,q(v4g) is no longer a constant capacitance Coyq
and has a non-linear functional dependence on vq, (second
expression of (3)). Reduction in ng(vdg) as vqg increases
brings down the coupling between gate and power loop
through Cq(vq4g4). This results in a faster fall of ¢., compared
to Sub Mode A (see Fig. 6). Expressions for i.p(vgs, v4s) and
Cls(vq4s) are given in (1) and (4) respectively. Finite difference
method is used to find out the time evolution of vy, (), v4s(t),
Vs (t) and id(t).

This sub mode ends when vys P, ; = (vgs — Vip). t1p is the
time duration of this sub-mode. At the end of this sub mode
Vgs = Vgs1B> Vds = Vis1B, Vars' = Varsip and ig = Ig1B.
E quantifies the actual switching loss during Mode I and can
be represented as (18) where t; = (t14 + t15).

tr
Er :/ Vs (T)ien () dT (18)
0

Special Case: For low values of Iy and/or low Rgeut,
vasPos = (vgs — Vi) condition is satisfied prior to
the point where vy, = vg, condition is met. In that
scenario, end of Sub Mode A is defined as the point
where vgsP,; = (vgs — Vip). During Sub Mode B,
Cyd(vag) = Cogq and icp(vgs, vas) is given by (2). This
sub mode ends when vy, = vg,. Also, for very low I
and/or low Rgey¢, ic, may collapse during Mode I and
no Mode II will be present.

2) Mode II (Current collapse period): This mode starts
when vgsP,; > (vgs — Vi) 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 (cq) is considered
because of its comparable magnitude with the internal deple-
tion capacitance Cgyq(vgy). Fig. 7 represents the equivalent
circuit of this mode. Gate circuit of ()7 is not participating
in the dynamics and Q7 can be modelled as Coss(Vas(T))-
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L,

+ =
I
Vars'(T) wmi,_l_\(,m(,,./l’m) \((TC)",V..#C!,/,//(MU) Iy
- s

c,

il
vie

(ext) 4

~Ceat

Fig. 7: Equivalent circuit model of Mode II

(Lgq + Ly) is the total lead and wire-bond inductance of Q7.
(C’emt + Cg/d/(em)) is the total capacitance connected across
d'(T) and §'(T) terminals of Qr (see Fig. 7). Equivalent
impedance across d'(T") and s'(T) nodes is denoted as Zr
and approximately given by (19) as v4e(1) ~ vgrs/(1) and
Vg ! (T) is close to V., Coss(uds(T)) < (Cezt + Cg’d/(egct))-

Sub Mode D
i Uds_(T) ~ Ud’s’(T_')

Sub Mode C
800 -

Vdfs/iT)ZD’

16, t(ns)
-

tap

Fig. 8: Simulation waveforms of Mode II

1 1
B (OOSS (vds(T)) + Cezt + Cg’d’(ext)) a SCT(eq)

Mode 1II is divided into two sub modes, a) Sub Mode C, and
b) Sub Mode D respectively (see Fig. 8).

a) Sub Mode C: In Sub Mode C, SiC MOSFET is
in saturation region and vy, starts decreasing from its ini-
tial value Vgsip. This results in a fast change in 4., as
in saturation region, %., solely depends on w,s which is
approximately quadratic in nature (2). iy will follow i.p
as the total inductance (L4 + 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 iy and ., with the
frequency of oscillation in the order the resonant frequency of
the LC circuit formed by the L and C values of (L4 + Ly)
and (Coss(Vas) || (Ceat + Cyrarext))) respectively. This high
frequency oscillation present in ¢4 and . is of higher order
compared to their low frequency variations and can be ne-
glected. The objective of the analytical model 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) =~ (dic,/dt). Power loop current i4.

Zr = (19)

cannot change fast due to the presence of inductance Lg..
vgs Increases from its initial value Vj414-0 and other state
variables i4. and vy g (1) starts changing from their initial
values Iy and (Vg. — Ronlo) respectively. Functional form
of internal MOSFET capacitances Cyq(vqy) and Cgs(vgs) are
defined in second expression of (3) (as vqy € [0,V;q)) and
(4) respectively. Coss(vds(T)) is defined in (5) and can be
approximated as Coss(Vas(7)) = 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.

dige

Varst = Vie — Vg () — de% (20)
ide = o + Cr(eq) (Ud/s/(T))% 1
bt = 1+ Cartea 2ty 0 2 @2)

g =tch + ng(vdg)% + Cds(vds)% (23)
lg = Cgs% + ng(vdg)% 24)
Vep = igRy + Rgmcg,d/(emt)% Fvgs + Ls% 25)

As the drop across L4 and L is small compared to vg4s and
v s during this sub-mode, vgs =~ v4s and (20) can be ap-
proximated to (26). During this sub-mode (di,/dt) ~ (dig/dt)
and (dig/dt) ~ (dic,/dt) '. Also applying KVL in the loop
formed by ¢/, g, d, d’, we get (27). (dvg4/dt), (dvgq /dt) <
(dvga/dt), so (dvgq /dt) =~ (dvgq/dt). Using (24) and (25)
with all the previously mentioned approximations, we get
(29). From the power loop, rate of change of voltage at node
g is small compared to d, so (dvgy/dt) ~ (dvgs/dt) and
(dvgrg /dt) = (dvag/dt) = (dvgs/dt). Adding (22) and (23)
with the previously mentioned approximation and vgs ~ v/,
we get (28).

dige
Vds = Ve — Varsr (1) — LdCTi (26)
Vg'd' = (Ug’g + Vgd + Udd’) 27
d s
(de — dcn) = (ng(vdg) + Cas(vas) + Cg’d’(emt) + Cewt) s (28)

dt

CB(eq) (Vgs,Vds)

These set of equations (21), (26), (28) and (29) along with
(2) form a set of coupled non-linear differential equations. The
state variables are vys(t), vas(t), vars(7)(t) and igc(t) with
initial values vgs = V1B, vas = Vasi, Varsr(r) = (Vae —
IyRoy) and iq. = Iy. Sub Mode C ends when vgy = Vig.
At the end of this sub mode vy, = Vysac, vas = Vasac,
Vars/(T) = Vars(Ty2c and ige = lgeac-

b) Sub Mode D: Sub Mode D starts when vgg > Vig.
Approximations of Sub Mode C hold good for this sub mode
also. (21), (26), (28) and (29) along with (2) dictates the time
evolution of the state variables. Functional form of internal
MOSFET capacitances Cyq(vag) and Cgs(vqs) are defined in

Hdien /dt) % Ky ((vgs = Vin) = (360/2) (vgs = Vin)?)
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Vep ~ (Rg (Cgs + Cga(vag)) + RgewtCyrar(eat) + KpLs <(”gs = Vin) =

30 (vgs — vthf)) dvgs

dvds

i (29)

— (Rgng(vdg) + Rgemf,cg’d/(emf,))

T'Z(Uq‘?',vdﬁ)

+ vgs

2 dt

T1(Vgs,Vds)

third expression of (3) (as v4y € [Vi4,00)) and (4) respectively.
Coss(Vgs(y) is defined in (5) and can be approximated as
Coss (Uds(T)) ~ Coss (vd’s’(T))~

This sub mode ends when i.;, becomes zero. At the end
of this sub mode vys = Vysop, Varss = Vagsrop = Visob,
(dvdlsl/dt) ~ (dvds/dt) = Vd//s/QD and 14, = lgeop. tir =
(tac + tap) 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 t;;.

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

L.

’
(La+Ly) d(T)

i =(Ceat +Cyrar (eat)) I ”‘T
A~ Coss Vds(1) S() g'd (ext) 0
Vd(»c_)

(La+Ls) ¢

Closs(Vas) T (CG“ + C_t/’d’ (ext) )

s’

Fig. 9: Approximate equivalent circuit model of Mode III

800 | g, A s Vds R Vg1 g e 120
ds(T) ™ Vars'(T) i “d's'3
: : ///17 — i
: <
10%
a
g
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0 &
0 10 20 30 40 t(ns)
k |
trrr

Fig. 10: Simulation waveforms of Mode III

3) Mode I (voltage rise period): This mode starts after
icn collapses to zero. Gate circuit of @@ 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(.q) and Cp(eq)
are given below 2. Note, this approximation for Q7 will be

ZCT(eq) ~ (COSS(Ud’s’(T)) + Cext + Cg'd’(ext))s
CB(E‘Z) ~ (CDSS(Ud/s’) + Cext + Cg'd’(ccct)

valid for most of this mode except towards the end where
Vg sry = 0 and Coss(vg s (7)) and Ceyy 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 II1.

= <
) g
=) S
— +
= —_
g £
T 02 =1
= 0 200 400 600 800 ﬁ 0 200 400 600 800
© vars (V) < vars (V)

(a) (b)
Fig. 11: (a) (OT(eq)(Ud’s’(T)) || C’B(eq)(vd’sl)) VS Vqrs’ and
(0) (Cr(eq) + Ch(eq)) VS vars plot of C2M0080120D with
Cezt = 470pF

Applying KVL in the power loop of Fig. 9(b), we get (30).
KCL at node d'(T) and d’ gives (31) and (32) respectively.
Using (30), (31), (32) and substituting vy o (1) and 74, we get
a differential equation of vy ¢ (33). Here first and second time
derivative of Cp(cq)(vars/) is neglected as vy s is high and
CB(eq) (Vars') remains almost constant with the change in vgrr.
During this mode drop across L. is small compared to vy s
and Vars!(T)s SO Vgrs/(T) = (Vdc - Ud/s’)- (CT(eq) || CB(eq))
and (C’T(eq) + CB(eq)) are plotted as a function of vy in Fig.
11(a) and Fig. 11(b) respectively. Both (CT(eq) I C’B(eq)) and
(C’T(eq) +C B(eq)) remains almost constant with vy s and can
be replaced with charge related capacitances given by C; and
C2 respectively in the voltage range vy s € (0, Vg.). Charge
related capacitance C'g for a non-linear capacitance C(v) in

the voltage interval v € (Vq, V3) given by. (34).
ldc

Varst = Ve — Vdrs'(T) — deﬁ (30)

‘ dvg g (T
iae = I+ Cr(eg) (W) —2r > (D)

. dv /st
ide = CB(eq) (Vars) ;t (32)
dvg,s, d’Ud/ s’ IQ
Lae (CreeallCriea) =33 + =5~ =\ G O
(33)
1 V2
Co = / C(v) dv (34)
=% (v)

Solving (33) with approximations Cg1 =~ (CT(eq) I C’B(eq))
and Cgo ~ (CT(eq) + CB(eq)), we get the time evolution of
vars (35) 3. (d2vd’s’/dt2)|t:0 = 0 is considered as it can not

3 1 Ig
wp = JAQ = Vgrgaps Al = .
VEdeCQu CQ2
’
Ag = (Vd’s’2D - (IO/CQ2)>
o= [—ds2D - T "®ET
w0
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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 o7y = 0 and the anti-parallel diode of
Q1 gets forward biased. But it is difficult to solve for i,4.(t)
and vg e (7)(t) as Crp(eq) and Cp(eq) are functions of vy g (7
and vy ¢ respectively. At the end of this Mode, vy s is close
to V4. making Cg(cq) is approximately constant to C'; 4

Then 44.(t) is solved using (32) and given by (36). var (1) (t)

is solved from (30) using vy s (t) and i4.(t) and given by (37)
5

Vg s (t) ~ Ay + At + Ay sin(wot) (35)
idc(t) =~ Cg(eq) (Al + AQWO COS(th)) (36)
vd’s’(T) (t) ~ (Vdc — Ao) - Alt + A2A3 Sin(o.)ot) (37)

Mode III ends when vgr o7y = 0 and time duration of this
mode t7;7 is estimated by equating (37) to zero. At the end
of this mode vy s = Vigrgrz and ig. = Igc3. Also (dv/dt)off
is approximately given by (Vg srs — Varsiap) /tirr-

Laceq) T
d’ lde

+
’UdlsrT -~ Cg<eq) Ve Ct)
/

S

Fig. 12: Approximate equivalent circuit model of Mode IV

Do
[=]

Current(A)

Fig. 13: Simulation waveforms of Mode IV

4) Mode 1V (drain current fall): This Mode starts when the
anti-parallel diode of Q7 gets forward biased and vy o (7y = 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 Ly of Qp will be part of power loop
inductance and total equivalent power loop inductance will be
Lic(eq) 6 As vgs &~ vg is in the range of V., so CB(eq)
is almost constant to Cg( cq) 7. Applying KVL in power loop
and KCL at node d’ gives (38) and (39) respectively.

dige
Varst & Ve — de(eq)Ti (38)
. .« Quay
lde N CB(eq)T (39)

*C%eq) = (Coss(vars = Vie) + Cewt + Cyras (eat))
Az = (deCE(eq)“g - 1)
*Lac(eq) = (Lac + La+ Ls)

7C]§(eq) = (COSS(Ud’s’ = Vdc) + Cﬁzt + Cg’d/(ezt))

Time evolution of vy is given in (40) 8 This sub mode ends
when vy ¢ reaches its maximum value. Duration of this sub
mode is denoted by ¢34 and given in (41). Maximum vgs ~
Vg4 s Overshoot puts a constraint on the maximum allowable
Lc(eq) as it can lead to device failure due to transient over-
voltage. Maximum value of vgrsr = Vgg(mag) 18 given in (42).

Vd’ s’ :Vdc + A4 sin(wlt + ¢) (40)
Y
-9
a2 @1
Vds(maw) :Vdc + A4 (42)

At the end of this sub mode vy = Vis(maz) and ige =
0. t7v is the total time period of this mode. (di/dt),;; is
approximately given by (Ics/trv).

Total turn off switching transition time T,ry =
(tr +tyr +tirr + tyy). Total soft switching loss is given by
Eors = (Er+ Erp). (dv/dt),,;, and (di/dt),,, are given as
(Vars's = Varsrap) /tirr and (1aes/trv) respectively. Vigmaa)
represent the turn off transient over-voltage. The flowchart of
the proposed analytical model is given in Fig. 14.

Parameters from device datasheet
e.g. Rgint, Vin (Table IV)

Operating Conditions
Viae,Vac =Ver, 1o

Circuit parasitics
e.g. Ls (Table I1I)

Design Variables

—-‘ Rgt:;ztt,-, Cs.'r,[ Mode I S
Pivf/Uds = (’Uys - ‘/th,)
Mode II
vas(T)="0, Vas(r)=0, Vas(r)>0,
iuh >0 ioh,: 0 ich: 0

Ceat< Ce:;zrl,(min)

Ceaxt= Cegt(min)| |Ceaxt>Cert(min)

Mode 111

Vas(r)="0
1< 0
Compute Topr, Eoss,(dv/dt)osys,
(di/d)os s, Visimaz)

Increase Clyt

Fig. 14: Flowchart of analytical model and C.y¢(pin) €stima-
tion

B. Estimation of minimum external capacitor for soft switch-
li’lg (Oext(min))

Soft switching condition is satisfied when vgg7y = 0 and
icn > 0 at the end of Mode II. At the boundary of hard and
soft switching, both the equalities v4s(ry = 0 and i, = 0
will be satisfied simultaneously at the end of Mode II. So to
find out the minimum value of the external capacitor required
to achieve soft switching (Cewt(min)) for a given Vg, Ryeut
and I, an iterative process is followed where C.,; is increased
from small value and first two modes (Mode I and Mode II) of
the analytical model are solved till the conditions vgs(1)y = 0

1 Lac(e
s A = (Vs - Vae) + (ii(q)) (Tge3)?.
VEdc(eq) OB (eq) CB(eq)

S
$ = tan—1 <Vd’s/3 - Vd6> ©B(eq)
Tics Lac(eq)
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and ¢, = 0 are satisfied simultaneously. The corresponding
value of Ceyy is given as Ceypp(min) (see Fig. 14). Note, the
analytical model is valid only for values of Cert > Cepi(min)-

V. EXPERIMENTAL SET-UP

DC Bus
Capacitor

SiC MOSFET

Gate Driver

Fig. 15: Double pulse test setup

The behavioural model is validated experimentally through
double pulse test (DPT). Two different SiC MOSFETs of
1.2kV are used, S1: C2M0160120D (19A @25°) and S2:
C2M0080120D (36A @25°). Device related parameters ex-
tracted from the datasheet are given in TABLE IV.

DPT is designed for V;.=800V and Iy=30A. Air core
inductor with L =150 pH is used as the output inductive
load. The values of external circuit related parameters used
for behavioural 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, S2),
experiments are conducted for two values of V., five values
of Iy, three values of R, and three values of Ce,; for each
device. This implies a total 180 different operating conditions.
Details of C.,; used for experiment is given in Table VI. All
the capacitors are 1kV rated.

Opto-isolator IX3180GS followed by a current booster
IXDN609STI 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 Vgp = —5V is used
as it is standard for SiC MOSFET. It also helps to reduce T, ¢
and E, for soft turn off transition when compared with soft
turn off transition with Vg = 0V

Experimentally measured signals are vy (t), vars (t) and
i4c(t). Oscilloscope MDO3104 from Tektronix with 1 GHz
bandwidth is used for measurement. vy (tf) measurement
is done using a passive probe from Tektronix with 1 GHz
bandwidth (TPP1000). A high voltage single ended probe
from Tektronix (P5100A) with 500 MHz bandwidth is used
for vy s (t) measurement. Current i4.(t) is measured using
a AC/DC current probe from Tektronix (TCP0O030A) with
120 MHz bandwidth and 50A 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 paper through
behavioural simulation and experiment.

A. Validation of the behavioural model (simulation) through
experiment and comparison of actual loss and measured loss

vgrs(t) and ig.(t) are measured experimentally. Results
obtained from behavioural simulation and experiment are
plotted on top of each other in Fig. 16 for both S1 and S2 (4
different operating conditions for each device). Experimental
waveforms match closely with behavioural simulation over the
switching transition period. This observation is seen to hold
good for other 172 operating conditions also. It is noteworthy
that there is a damping effect present in i g (cqp) during voltage
rise period mostly due to the losses present in high frequency
resistance of power loop, device parasitic capacitances and
Cext- This could not be captured by i4.(sim) as the behavioural
model does not incorporate the effect of high frequency resis-
tance and the losses in the device capacitances [30] and C. .
But this effect is only visible for low [y and high C¢,; and
it has minimal impact on the final parameters estimated using
this behavioural model (T,¢f, Eofy, (dv/dt)ofy, (di/dt)ors
and Viys(maz)) and hence neglected to reduce the complexity
of the behavioural model. It is noteworthy that the loss in ESR
of Cyt is negligible compared to the loss in channel of the
SiC MOSFET for most of the operating conditions except for
small values of Iy. Also, ESL of C.,; can be neglected the
maximum frequency content of 74, is much smaller that the
resonant frequency of C.,;. Hence the parasitics of C¢,; has
a negligible impact in switching transient.

Channel current 7.5, can not be measured directly from the
experimental measurement. Experimentally measured i4. is
different from ¢.;. 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, behavioural model has access to the internal
state variables. So to verify the soft switching condition and es-
timate the actual switching loss, behavioural model is required.
Actual loss obtained using behavioural model (Eof ¢ (sim)) is
compared with the measured loss from experiment (£ F(ex p))
for S1 and S2 in Fig. 17(a) and Fig. 17(b) respectively. The
values of (Vige, Rgeaxt, Cest) are (800V, 2.5, 200pF) for S1
and (800V, 2.5Q2, 470pF) for S2. It can be observed that the
Eop(sim) values are small compared to E! £f(eap) 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 behavioural model is important
to estimate the actual loss.

B. Verification of the proposed analytical model through be-
havioural model

To verify the correctness of the proposed analytical model,
important intermediate quantities obtained from behavioural
model for each mode are compared with the values obtained
using the analytical model. Behavioural model is used for
comparison as it is not possible to get the values of most



IEEE POWER ELECTRONICS REGULAR PAPER

TABLE IV: Device parameters extracted from data-sheet (S1: C2M0160120D and S2: C2M0080120D)

Vin Ky K 0 P Ryint Cgs k1 ko k Via  ka ks ke k7 kg ko
V) (AV?) Foavy " @ @B @F) (V) v @B (V) @F) (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 56 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
—Vd’s!(sim) (V) - 7dc(51m)(A) —Vg's!(sim) (V)
A.....’Udzs/(ezp) (V) zdc(emp) (A) Ug/s/(ezp) (V)
(600V, 5A, 2.5 Q, 100pF) 5 (B00V, 154, 2.5 Q, 100pF) (800V, 5A, 7.5, 470pF) (800V, 15A, 7.5, 470pF)
20 =720 ‘ ;
bt 800 20 800 20
107400 0" 400 10 400 10
0 op———" 0 0 0 0 0
20 20 20
0 \\“N\/\l‘h\—«\ 0 i 0
0 10 20 30 0 50 100 150 200 0 20 40 60 80 100
t(ns) (a) t(ns) t(ns)
(600V, 30A, 2.5Q, 200pF) (800V, 10A, 7.5, 750pF) (800V, 304, 7.5Q, 750pF)
20 1200 = 30
1o 800 \ 20
400 10
0 0 0
20K
] N NAYAVAVAVAVS LI A S
80 0 10 20 30 40 50 0 50 100 150 200 0 20 40 60 80 100
t(ns) (b) t(ns) t(ns)
Fig. 16: Simulation vs experimental waveforms: (a) S1, (b) S2
TABLE V: External circuit parameters ’D B oo (09) 8 o giaim (1 J)‘
150
Lac Lq Ls Cg’d’ (ext) Ceat 300
(H) (@H) (nH) (PF) (PP 100 200
S1 45 6 6 15 100, 200, 470 50 100
S2 45 6 9 15 200, 470, 750
= (|
0 75 10 125 15 Y10 15 20 2 30
TABLE VI: Information of Clyt fﬁi)@ fgj)/*)
Cewt(pF)  Manufacturer Part No. Dielectric Fig. 17: Comparison of loss obtained through simulation and
100 C1206C101KDGAC experiment: (a) S1, (b) S2
200 C1206C201KDGAC
470 KEMET C1206C471KDGAC coG
750 C1206C751KDGAC found to be a bit smaller compared to Zy(s;m) as the ramp
fall of gate supply voltage is approximated as step fall in the
TABLE VII: Driver parameters proposed analytical model. A similar study is carried out for
other operating conditions and close agreements are observed.
VEe Vee  Rg(ariver)  Rgeat Ty This validates the proposed analytical model in each mode of
™ W) (9) (®) (ns) oo o .
switching transition (Section III).
-5 20 0.5 3,45,8 4

of the intermediate quantities from the experimental result.
Single operating condition is considered for each device and
it is ensured that the soft switching condition is satisfied for
these operating conditions (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 (Fig. 18). A close match is observed
between simulated waveforms and waveforms obtained using
the proposed analytical model. Only in Mode I, t;(gniy) is

C. Minimum Ceyy required for soft switching

Minimum C¢,; values required to achieve soft switching
are obtained using proposed analytical model and behavioural
simulation and plotted with respect to Iy for two different
Rgert = 2.5,7.50 and V. = 600,800V for S1 and S2 in Fig.
19(a) and Fig. 19(b) respectively. Close agreement is observed
for S2 whereas analytical model slightly underestimates the
minimum C.,,; value for S1. Also, it can be observed from
these figures that the minimum amount of C,,; required for a
given V. and Ry increases with Iy. For low values of I,
soft switching happens without any Cey¢. As Rgeqt increases
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TABLE VIII: Comparison of important intermediate quantities (Simulation and Analytical)
Mode 1 Mode IT Mode III Mode IV
dv di
Visie  Icnib tr Er | Visap  Vwsop  tir Err | tror m trv Vis(maz) I
V) (A) (ns)  (uJ) ™) V) (ns)  (uJ) | (ns) of f | (ns) ™) off
(V/ns) (A/ns)
S1 Sim 10.22 7.03 11.17 031 123.1 116.6 7.51 0.67 | 39.33 16.42 7.32 875.05 0.57
(800V, 10A, 2.5€2, 200pF)  Anly 10.34 6.87 8.87 0.25 93 93 6.32 0.61 41 17.26 5.94 867 0.75
S2 Sim 11.27 16.01 17.63 1.24 193.95 183.07 16.6 6.94 40 16.6 7.04 929.7 1.41
(800V, 20A, 2.592, 470pF)  Anly 114 15.9 14.8 1.11 169.14 169.14 16.02 5.8 39.56 16.45 7.91 900.85 1.2
‘ — Analytical ...+ Simulation ‘
Mode I Mode II Mode IIT Mode IV
10 800 o 20 800
Vds(T) ™ Va's' (T) S i 300 20
—_— — Vs RV st — s —
~ ; == s RN : = RS =
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S Vs e Sl S e P = _(t\ O
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Fig. 18: Mode-wise overlapped waveform of S1,

for a fixed value of V. and I, the minimum amount of C,,;
required for soft switching increases. So it is beneficial to use
a small value of Ryc;¢. The minimum value of Rgey¢ is limited
by the peak current capability of the gate driver used. For a
fixed value of Iy and Rge.¢, as V. reduces, the minimum
amount of C,; required to achieve soft switching increases.

I— Simulation - Analytica”
(S1,600V) (S1,800V)
100 100
=75
£ 50
o) 25
0 4
D
Io(4) () 1o(4)
(S2,600V) (S2,800V)
400
— 400 I P
\L;‘/ 141? 3
= Rl 5200
£ 200 Q
H v ~ .;?“r E
S} e Rgeat ™ ? )
1= 0 ==
10 15 20 25 30 10
Iy(A) Iy(A)

(b)

Fig. 19: Minimum C.,; for soft switching using behavioural
simulation and analytical model: (a) S1, (b) S2

D. Estimation of important quantities related to soft turn off
switching dynamics

In this subsection, the estimated quantities obtained us-
ing proposed analytical model (Tpry, Eopp, (dv/dt)oyy,
(di/dt)ogy and Vyg(maq)) are compared with the behavioural
simulation and/or experimental results.

1) Toyp comparison: In the first part, total turn off
time (7,7s) obtained from the proposed analytical model
(Ttof f(aniy))> behavioural simulation (T, f(sim)) and experi-
ment (o f(exp)) are compared for S1 with operating condi-
tions V. = 800V, Iy € (5,15)A, Cepr = 200,470pF and
Rgexr = 2.5 in Fig. 20(a) and for Rgepr = 7.582 in Fig.
20(b). It can be observed that there a close match between

t(ns) t(ns)
Operating conditions: [800V, 10A, 2.5€2, 200pF]

Toffanty)s Loff(sim) and Topp(eqp) for the entire operating
conditions. For a fixed V., Ceqr and R,y with the increase
of Iy, Tofs reduces and it remains almost constant for high
values of Iy. The reduction in T,y is primarily contributed
by the reduction in voltage rise time as Iy increases. Also
with fixed Vge, lop and Rz, T,y has a strong positive
correlation with C,,; and it increases significantly with Cl;.
This is mainly because of the increase in voltage rise time
with the increase in Ce¢y:. On the contrary, for constant V.,
Iy and Ceut, Tors has a weak dependence on Rgeq+ as a
major fraction of T,y 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, Cert = 470, 750pF
and Rgep: = 2.5 in Fig. 20(c) and for Rgepr = 7.5() in
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.

[— Tosssim) —Tossanty) — Toss(ean)
(S1, Vie = 800V, Ryeny = 2.52) (S1, Ve = 800V, Ryeus = 7.5Q)

b Cogr =
Copr = 200,77 “wt = 200p

5 7.5

10 12.5
Iy(A)

(a)
(82, Viae = 800V, Ryear = 2.50)

10 125
Ip(4)

(b)
(82, Ve = 800V, Ryenr =7.5Q)

100 & 100
50 - 50 oS A
b bl
10 15 20 25 30 10 15 20 25 30
Ir(4) Io(4)
(c) ()

Fig. 20: T, ;s estimation

2) Eop¢ comparison: Actual turn off loss () estimated
using proposed analytical model (Eoff(aniy)) is compared
with the actual switching loss obtained using behavioural
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simulation (E,  f(sim)) for S1 with operating conditions V. =
800V, In € (5,15)A, Cezt = 200,470pF and Ryerr = 2.5
in Fig. 21(a) and for Ry, = 7.5Q in Fig. 21(b). Close
agreement is observed for S2 whereas analytical model slightly
underestimates the minimum C,,; value for S1. It can be
observed that E,f(aniy) increases with Iy for a fixed value
of Ve, Ryeqr and Ceyy. Also for a fixed value of Vg, I and
Ryexts Eoff(anity) reduces with Cezi. Eyff(aniy) 18 @ mono-
tonically decreasing function of C.,; when other parameters
remain fixed.

It has already been established that the experimentally
measured loss (E! f f(ew)) is much higher compared to the
actual loss estimated using behavioural simulation (E ¢ (sim))
(see Fig. 17) and the proposed analytical model estimates the
actual loss which is close to Eq ¢ f(sim)-

‘7((1’”/(1’)011(,1',") —(dv/dt)os (anty) — (dv/dt)off(eap) ‘

% (S1, Vie = 800V, Ryepy = 2.5) (S1, Vie = 800V, Ryepy =7.59)
g .30 B
£ ook 2 R —
=20 est =20 =
2 o
<10 1=
S Cont = ATOPF S
0 0 ‘
5 7.5 10 12.5 15 5 7.5 10 125 15
1<E(z>4) Io(4)
a (],)
% (2, Ve = 800V, Ryeqy = 2.59) % (S2, Vige = 800V, Ryent =7.59)
2z _wof b £ _ x7opF
= Cent — = =20 Lo Cleat /4[/
% § 10 Tl = T50pF
0 ‘ ‘ 0 ;
10 15 20 25 3 10 15 20 25 30
Iy(A) In(A)

(c) (d)
Fig. 22: (dv/dt), sy estimation

TABLE IX: Comparison of (di/dt),;, (A/ns)

(30A,2.502) (30A,7.582)
Cezt (pF) | Sim  Anly Exp | Sim  Anly Exp
$2 470 1.44 1.39 1.12 | 1.41 1.49 1.11
750 .13 1.07 105 | 1.28 135 1.03

weakly corrected with Ceyy and Rgezi. A similar observation
is found to be true for S1 also.

TABLE X: Comparison of Vis(maz) (V)

—Eofp(sim) — Eof f(anly)
(S1, Vige =800V, Ryeqr = 2.5Q2) (S1, Ve = 800V, Ryeqt =T7.5Q)
6
34 4 : Cort a0t 7]
S ) et - LE )
S > 2 - N
= — _ A70pF
0 Comt = 4T0pF 0 Tt = 4
5 7.5 10 12.5 15 5 7.5 10 12.5 TF
Io(A) Io(A)
(a) (b)
(2, Viae = 800V, Ryert = 2.59) o (82, Vae =800V, Ryeor =7.59)
50 : 50 -
40 - 40 7
— - o\
2 30 ¢ 230 =5
< _ A10p =
<20 Cent™ = L: 20
X 10 . - 0o F 10
=5 (= O 0 —
0 10 15 20 25 30 10 15 20 25 30
Io(A) Io(A)

(c) (d)
Fig. 21: E,; estimation

3) (dv/dt)osy comparison: (dv/dt),ss represents the
(dv/dt) rate during turn off condition and it is plotted for S1
with operating conditions V. = 800V, I € (5,15)A, Cepr =
200,470pF and Rye,r = 2.582 in Fig. 22(a) and Rge,y = 7.562
in Fig. 22(b). Note, for calculating (dv/dt)os¢(eap), 10%
to 90% change in V. is considered. With V., Rgeq¢ and
Cezt remain fixed, (dv/dt)oys is a monotonically increasing
function of Ij. This is due to the fast charge-discharge of the
output capacitance (Ce,; included) with the increase in Ij.
Also for a fixed Vg, Ryeqt and Iy, (dv/dt),ss reduces with
the increase in Cl.;. As 1., is zero during voltage rise period,
gate looses its control over power circuit and Rgc;¢ has very
weak control over (dv/dt),ss as can be seen from Fig. 22(a)
and Fig. 22(b). Similar trends have been observed for S2 as
given in Fig. 22(c) and Fig. 22(d).

4) (di/dt)oss comparison: (di/dt),ss obtained from pro-
posed analytical model, behavioural simulation and experi-
ment are compared for S2 and V. = 800V in Table IX and a
close agreement is found. It can be observed that (di/dt), s
is weakly correlated with both Ccp; and Rgey:. A similar
observation holds true for S1 also.

5) Vas(maz) comparison: Vys(maz) Obtained from proposed
analytical model, behavioural simulation and experiment are
compared for S2 and V;. = 800V in Table X and a close
agreement is observed. Similar to (di/dt) s, Vis(maz) is also

(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

VII. SELECTION OF C,;; FOR A GIVEN OPERATING RANGE

The objective of this section is to find out the optimal value
of Cey¢ that ensures soft switching for a given Vg, Rgert and
load current range Iy(min) < Io < Ig(mar) While maintaining
the (dv/dt),z; below a specified limit ((dv/dt),f(spec))- The
value of (dv/dt),f(spec) is decided from the EMI filter design
requirements. 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 C.,; is strongly cor-
related with T}, 7, Eo s and (dv/dt), sy whereas it has a weak
correlation with (di/dt)osy and Vis(mag). S0, (di/dt), sy and
Viis(maz) are not considered for C. selection. The following
steps are followed to obtain the optimal value of Cl;.

o Step 1 In the first step, value of Rg.,: needs to be
selected. Use of low I%y..¢ helps to achieve soft turn off
and the minimum value is limited by the peak current
rating of the gate driver used (see Fig. 19 and Fig. 21).

o Step 2 Use the flowchart given in Fig. 14 with [y =
Iy(max) to obtain the value of the minimum external drain
source capacitance required for soft turn off (Ceyt(min))-
This ensures that for any Ceyt > Cegt(min). the soft



IEEE POWER ELECTRONICS REGULAR PAPER

switching condition is satisfied for all operating condi-
tions (Io(min) < Lo < Io(max)) (see Fig. 19).

o Step 3 For a given V., Rgest and Coyy, (dv/dt)osy
is maximum at Iy = Io(maz) and (dv/dt),ss reduces
with increase in C,,; when other parameters remain fixed
(see Fig. 22). So the value of Cy,; is increased starting
from Clegi(min) such that the value of (dv/dt),ss at
Iy = Iy(maz) is smaller than (dv/dt),fs(spec) (see Fig.
23). The corresponding value of Ceyt iS Cegi(opt)-

‘ Ceat = Cert(mzn)(I[):IO(maT))(Flg14)‘

Increase Ceyy

Compute (dv/dt)oss at I = Iomax)
(Fig. 8)

(dv/dt)opy <
(dv/dt)ofs(spec)

Ceat = Ceat(opt)
Fig. 23: Flowchart for optimal C,,; selection

o Step 4 Similar to (dv/dt)of¢, Eofs is maximum at [y =
Io(max) Tor a given Ve, Rgert and Ceyy, (see Fig. 21).
In this step, Cey¢ is kept fixed at Ceyy(opr) and the value
of Eyzy is estimated using Fig. 14 at Iy = Iy(maz)- The
corresponding value E, ¢ (maqs) Tepresents the worst case
turn off switching loss.

e Step 5 For a given Vie, Rgeqr and Cey, Topy is
maximum at Iy = Ig(min) (see Fig. 20). Similar to
step 4, Ceyy is kept fixed at Cepy(opr) and the value of
Toyy is estimated using Fig. 14 at Iy = Ig(min). The
corresponding value T ¢ f(maq) represents the maximum
turn off transition time. The value of dead-time has to be
higher than Ty ¢(max)-

To illustrate the design process of selecting optimal C.,4,
an example is considered for S2 is with V. = 800V and I
varies in the range 10-30A. Following Step 1, Rgest = 2.5
is used as it satisfies the peak gate current limit. Cey(min)
is obtained for Iy = 30A and it is equal to 190pF (Step
2). (dv/dt)ofp(specy = 10V /ns is specified for this problem.
Using the flowchart given in Step 3, Cpy(opt) is Obtained as
1390pF which satisfies the constrain (dv/dt),s; < 10V/ns at
Iy = 30A. For the selected value of Cepy(opry = 1390pF,
Eoff(max) = 17uJ at Iy = 30A (Step 4). Toff(ma:c) is
obtained at o = 104 and it is equal to 285ns and the dead-
time is selected as 300ns (Step 5). Similarly, for S1 with
Ve = 800V, Ryeqt = 2.5§2 and I varies in the range 10-15A,
Cext(opt)y = 0645pF is obtained following the above design
procedure. Using this value of Ceyy, (dv/dt)ors < 10V /ns,
Eoff(mazy = 2-2uJ at Iy = 154 and Tyt ¢(maz)y = 253ns.
The dead-time is selected as 280ns.

VIII. CONCLUSION

An analytical model to study the turn off soft switching
dynamics of SiC MOSFET using datasheet parameters and

external circuit parasitic is presented in this paper. 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 MOS-
FET falls to zero. This model is derived using behavioural
model of the SiC MOSFET through approximations. The
behavioural model is taken from a previous work related to the
study of hard switching dynamics of SiC MOSFET. Firstly,
the behavioural model is validated through experiment for
two 1200V SiC MOSFETs and a wide range of operating
conditions. Then the proposed analytical model is validated
using the behavioural model.

The proposed analytical model is used to calculate turn
off transition time, actual loss, (dv/dt)ess, (di/dt)ors and
transient over-voltage when the MOSFET is soft-switched.
Proposed model estimates these quantities accurately and the
numbers are close to behavioural simulation and/or experi-
mental approaches. The important conclusions of this work
are: a) for soft turn off transient, gate circuit dynamics do not
impact the voltage rise and drain current fall modes, b) small
external gate resistance is beneficial to achieve soft switching,
¢) 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 pro-
cedure 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 DC-DC, DC-AC applications. It
is found that the turn off time, actual loss, (dv/dt),ss are
strongly correlated with external capacitance while (di/dt),¢ s
and transient over-voltage weakly depend on its value. Also, it
is 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,
inexpensive method to accurately estimate the turn off soft
switching transient related quantities of SiC MOSFET using
datasheet parameters and external circuit parasitic and subse-
quent selection of an optimal value of the external drain source
capacitance.

IX. 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
(Thsy), switching loss (E,fr) are the indices selected for
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comparison. Among the existing analytical models [6], [8],
[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
analysed.

First the Ceyt(min) Tequired to achieve soft switching is
compared in Fig. 24 for two different SiC MOSFETs, S1
(C2M0160120D) and S2 (C2M0080120D) respectively. Op-
erating conditions are Vg = 800V, Rgesr = 7.5§2 and
Iy = 5—15A for S1 and Iy = 10—30A for S2. Values obtained
from behavioural simulation is used as reference. It can be
observed that the existing model grossly underestimates the
value of Ceyi(min). On the contrary, the proposed analytical
model can estimate Cey(min) With sufficient accuracy.

[— Simulation — Analytical — Existed ‘
(S2,800V,7.50)

(S1,800V,7.5Q)

— 400

w
=
(=]

Ceat(min) (PF)
no
3

Ceat(min) (PF

—
=
o O

20 25 30
Io(4)

(b)

Fig. 24: Comparison of minimum C,,; required for soft
switching using behavioural simulation, analytical model and
existed model given in [8]: (a) S1, (b) S2

In the second part, T,,;; and F,;¢ values obtained from
behavioural simulation, proposed analytical model and exist-
ing model are compared for V. = 800V, Rgepr = 7.5
Cezt = 200pF, I = 5 — 15A for S1 and C.,; = 470pF,
Iy =10 — 30A for S2 (see Fig. 25 and Fig. 26 respectively).
Existing model grossly underestimate both Ti,rs and E,fy
whereas numbers estimated using proposed analytical model
are close to behavioural simulation.

|— Simulation — Analytical — Existed ‘
(S1,800V,7.58, 200pF) (S2,800V, 7.5, 470pF)

Tops(ns)

4()5

75 10 125 15 10 15 20 25 30
Io(4) 1o(4)

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

From the above discussion it can be concluded that the
proposed analytical model estimates Ce(imin)» Tofy and Eoy g
of SiC MOSFET accurately whereas the existing analytical
model [8] lacks accuracy.

B. Turn off switching dynamics comparison with minimum
Ryexe and with/without Ceyy

Here in the following discussion, two different cases are
considered: a) permissible minimum Rge,+ and no Ceyy, b)

|— Simulation — Analytical — Existed ]
(S1,800V,7.5Q,200pF) (S2,800V,7.5Q,470pF)

Eopp(pd)

5 7.5 10 12.5 15 10 15 20 25 30
Io(A) Iy(A)

(a) (b)
Fig. 26: Comparison of FE,;; estimated using behavioural
simulation, analytical model and existed model given in [8]:
(a) S1, (b) S2

permissible minimum Rg,; along-with C.p;. C2M0080120D
SiC MOSFET is considered with V. = 800V, Iy = 10 —
30A in steps of 5A and Rgeyr = 2.5Q and Ceyr = T50pF.
Minimum permissible R, is selected such that the transient
over-voltage is in permissible limit for Iy = 30A and C,,; is
not present.

Eops, (dv/dt), (di/dt), Vas((maz) With and without Ceyy
are compared in Fig. 27. E,;; is estimated from behavioural
model as it is not possible to obtain F,;¢ directly from
experiment. (dv/dt), (di/dt) and Vis((mas) are estimated
from experimental waveforms. It can be observed from both
the results that with the external drain source capacitance
Cewt = T50pF, E,opp, (dv/dt), (di/dt) and Vis(maz) has
been significantly reduced. The charge and energy equivalent
capacitances of Cys in the voltage range (0,Vy.) are 130pF
and 93.3pF respectively and it is small compared to Ce,y =
750pF.

— Hard switching (Vg.=800V,Rgeqt =2.50)
— Soft switching (Vge= 800V, Ryeqt = 2.5, Ceqr = T50pF)

150 ‘ ‘ ) : —
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Fig. 27: Hard and soft switching performance comparison: (a)
Eogg, (b) (dv/dt), (c) (di/dt) and (d) Vis(maz)

The charge and energy equivalent capacitances of Clgs
(Cas(q) and Cyg(pry) in the voltage range (0,Vg. = 800V)
are compared with the value of the optimal external capacitor
(Cext(opt)) obtained in Section VII for both S1 and S2 in Table
XL It can be observed that Cy,(q) and Cgypy) values are
small compared t0 Ceyt(opt) for both ST and S2.
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TABLE XI: Comparison of Cyy () and Cys(gry With Cegy(opt)

Cds(Q) (pF) Cds(Er) (pF)

Device Cea;t(opt) (pF)

(01 Vdc) (01 Vdc)
S1 75 52.4 645
S2 130 93.3 1390

C. Comparison of behavioural models where Ceyy is con-
nected directly across Cgas and C.yy is connected across d'
and s’ nodes

In Table XII, E,fs obtained from two different behavioural
models (Eoff(sim(a)) a0d Eof p(sim(p)) for circuit configura-
tions shown in Fig. 2(a) and Fig. 2(b) respectively) are com-
pared for SiC MOSFET C2M0080120D (S2) with operating
condition Vg = 800V, Ryeor = 7.59Q, Iy = 10,20,304
and C.p; = 470,750pF. Also the percentage of error is
calculated where E, ¢ (sim(p)) is considered as standard. It can
be observed that the approximate equivalent circuit of Fig.2(a)
grossly underestimates Fo .

TABLE XII: E,7; comparison

Device Cest 1o Eorfsim®)) W) Eofp(sim(a)) (W) Error
(pF) (A) (for Fig. 2(b)) (for Fig. 2(a)) (%)
10 1.88 1 80.8
470 20 13.25 11.5 14.7
S 30 46.74 34.53 354
10 1.66 0.95 74.6
750 20 11.12 7.5 36.31
30 32.1 28.4 12.97

Next, Vis(maz) obtained using two different behavioural
models and CXPefimem (Vds(ma;c)(sim(a))’ Vds(maw)(sim(b))
and Vs (maz)(exp) TESPECtively) are compared in Table XIII for
the same device. The operating conditions are V. = 800V,
Rgezt = 7.5Q, Iy = 25,304 and Ceypy = 470, 750pF". It can
be observed that the approximate equivalent circuit given in
Fig. 2(a) underestimates Vs(mas) for most of the operating
conditions. On the contrary, Vyg(mae) values estimated using
equivalent circuit model given in Fig. 2(b) are close to

Vds(maw) (exp)-

TABLE XIII: Vg(maz) comparison

. Ceat I Vis(maz)(sim®)) V) Vis(maz)(sim(a)) V)
Device opy  (a)  Vastmaz)(eap)V) (for Fig. 2(b)) (for Fig. 2(a))
25 952 946 908
410 3 976 963 948
s2
25 944 932 878
7503 952 946 906

So from the above discussion it can be concluded that the
behavioural model where the external drain source capacitance
is directly connected across the drain-source depletion capac-
itance grossly underestimates Fofr and Vyg(maq)-

D. Difficulty in soft switching prediction using experimental
measurement

vgrsr(t) can be measured from experiment (Fig. 3) which
is different from vy, during switching transient as the drops

Rgintig and Ls(dis/dt) are significant (see (43)).
dis
dt
Vgrsr (), vars(t) and ig.(t) obtained from experiment
(Vg st (eap)(t)s Vars(exp)(t) and ige(eapy(t)) and behavioural
simulation (Vgr s (sim)(t)s Varsr (sim) () and dge(sim)(t)) are
overlapped over each other in Fig. 28(a) for SiC MOSFET
C2MO0080120D. A close agreement is observed between be-
havioural simulation and experimental measurement. In Fig.
28(b)’ Vgs(sim) (t)9 Vg’ s’ (sim,) (t)’ Vdr s’ (sim) (t)’ Zai('(szm) (t) and
ich(sim)(t) obtained from behavioural simulation are plotted.
It can be observed that vy (sim)(t) is smaller than v (sim) (%)
for the entire switching transient period (see (43)).

Vgrsr (t) = Vgs(t) + Rgintig + Ls 43)

20

10

Current(A)

Fig. 28: Result for S2 (600V,20A,7.5€2,200pF): (a) simulation
and experimental result overlapped, (b) simulation result

In summery, vy s (ezp) (t) can be obtained from experimental
measurement which is equivalent to vy (i) (t) and both are
significantly different from v, (sim)(t). icn(t) is a algebraic
function of vy (t) and it can not be estimated from experi-
mentally measured v/ g (cap) (1)
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