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Abstract—SiC MOSFETs in TO-247-4 package (Kelvin-source
configuration) offers the advantages of faster switching transients
and lower switching losses compared to TO-247-3 packaged
(common-source configuration) SiC MOSFETs. Due to small
value of the common-source inductance in TO-247-4 package,
switching dynamics of SiC MOSFETs can be significantly differ-
ent. This paper presents a detailed analytical switching transient
model of TO-247-4 packaged SiC MOSFETs where SiC Schottky
diode (SBD) is used as a freewheeling diode. The model considers
detailed nonlinear device characteristics of both SiC MOSFET
and SiC SBD along with the effect of the external circuit
parasitics. The proposed model is validated through behavioral
simulation and experiment for a 1.2kV T(O-247-4 packaged SiC
MOSFET and SBD pair for a range of operating conditions. In
addition, switching loss, (di/dt) and (dv/dt) obtained for the
TO-247-4 packaged SiC MOSFET are compared with TO-247-3
packaged device.

Index Terms— switching transient, SiC MOSFETs, kelvin-
source, common-source

I. INTRODUCTION

SiC MOSFETs are wide-bandgap power semiconductor
devices and are commonly used in the voltage segment of
900-1700V. They are superior to similarly rated silicon (Si)
insulated gate bipolar junction transistor (IGBT) due to their
electrical and thermal performances [1]. These MOSFETs are
commercially available in three discrete packages: TO-247-3,
TO-247-4, and TO-263-7. Among these packages, TO-247-3
and TO-247-4 are through-hole packages, and are suitable for
high-power designs. (see Fig. 1).

SiC MOSFETs in the TO-247-3 package (common-source
configuration) have been widely used in power electronic con-
verters. These devices have a significant amount of common-
source inductance, which limits the maximum achievable
switching speed and minimum achievable switching loss [2].
Kelvin-source configured (TO-247-4 packaged) SiC MOS-
FETs overcome the above limitations of the TO-247-3 pack-
aged devices. By providing two separate connections; Kelvin-
source (KS) for the gate input signal and the power-source
(PS) for the connection in the power circuit, the amount of
common-source inductance (L) coupling the gate and the
power loop can be dramatically reduced. As a result, these
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Fig. 1: SiC MOSFETs in TO-247-4 and TO-247-3 Packages

devices can achieve faster switching transients and smaller
switching losses compared to the TO-247-3 devices.

Switching loss estimation methods in the literature can be
classified as simulation, experiment, and analytical methods.
Among the three methods, analytical methods are usually pre-
ferred in designing power electronic converters. This method
is superior to the simulation-based methods such as the
behavioral model (i.e., Spice simulation), as it is free from
convergence issues [3] and provides insight into the switching
process [4].

Analytical method has been adopted by some earlier works
[4], [5] to study the switching transient of SiC MOSFET
and to estimate the switching loss as well as (di/dt) and
(dv/dt). However, all these works are targeted at TO-247-
3 packaged devices. Due to the presence of insignificant L
(0.2-1 nH), the switching transitions of TO-247-4 devices can
be significantly different. A recent work [6] has provided a
qualitative discussion of the switching transient of TO-247-
4 and TO-247-3 devices. However, it ignores the impact of
external parasitic capacitances, and it also does not provide any
analytical model for the computation of the important switch-
ing transient quantities such as loss, (di/dt) and (dv/dt).

This work presents a detailed analytical model to study the
switching transients of the TO-247-4 packaged SiC MOSFETs
and SiC SBD pair. It considers non-linear nature of the



Fig. 2: Circuit configuration for switching transient analysis:
(a) buck chopper configuration, (b) SiC SBD model, (c) SiC
MOSFET model

channel current and functional dependence of device para-
sitic capacitances on their terminal voltages, along with the
effect of external circuit parasitics. The proposed analytical
model estimates switching loss, (di/dt) and (dv/dt), and it is
validated through behavioral simulation and experiment for a
1.2kV TO-247-4 device and an SBD pair. Also, a comparison
of switching losses, (di/dt) and (dv/dt) of SiC MOSFETS
in TO-247-3 and TO-247-4 package is presented. This work
also provides additional important observations (compared to
[6]) such as: 1) for low gate resistance, a significant difference
between the drain and channel current exists, and drain-source
voltage reduces throughout the current-rise period (turn-on
transition), and 2) during the voltage-rise period (turn-off
transition), the channel current collapses to zero for most of
the operating conditions. As a result, both turn-on and turn-off
losses are reduced substantially.

II. BEHAVIOURAL MODELING

To study the hard switching dynamics of the SiC MOSFET
in TO-247-4 package, a buck-chopper circuit is considered,
as shown in Fig. 2(a). A SiC Schottky diode (SBD) is used
as freewheeling diode. The input of the buck chopper is
connected to an ideal DC voltage source (V). An inductive
load is connected at the output of the buck circuit, which
during the switching transitions is modeled as a constant
current sink 1.

The behavioral model of the SiC MOSFET (Q) is shown in
Fig. 2(c). It is modeled as a three-terminal device with external
terminals ¢’, d’ and &', respectively. For the switching transient
analysis, lead inductances associated with the Kelvin-source
(KS) and the power-source (PS) pins are clubbed with gate
loop trace inductance L) and power loop trace inductance
L, respectively. Hence, total gate loop inductance increases
for the Kelvin-source configured SiC MOSFETs. Channel
current of () is modeled as a voltage-dependent current source
ich(vgs, vas). Both the transfer characteristic (iq vs vgs) and
the output characterisitics (g Vs vq4s) given in the datasheet
of the SiC MOSFET is used for accurate representation of
icn, throughout the range of the gate-source voltage (vys) and
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Fig. 4: Capacitance Curve fitting (a) C3MO0075120K SiC
MOSEFET (b) C4D10120A SiC SBD

the drain-source voltage (vgs). Fig. 3(a) and Fig. 3(b) shows
the application of (1) in fitting the transfer and the ouput
characterisitics given in the datasheet. L, is the drain-lead
inductance, and L, is the common source inductance of Q).
Unlike TO-247-3 packaged SiC MOSFETs, the value of L, is
small in TO-247-4 package due to Kelvin source connection
[4] (.e., L is typically around 5-10 nH for TO-247-3 package,
whereas it is around 0.2-1 nH for TO-247-4 package). This
makes the switching dynamics of these devices different from
its TO-247-3 counterpart. ;) and L are the internal gate
resistance and inductance of () respectively.

k
Coz = — vig <0 (2a)
k3
il 0< vgg < Vi 2b
T > Vdg S VT (2b)
ng(’udg) = (1 + E) + k3
k
4 o vag > Vr (20
1+ Vdg — VT
ks
k
Cas(vas) = ——— 55 3

Gate-source capacitance (Cy,), gate-drain capacitance (Cyq)
and drain-source capacitance (Cy,) are internal capacitance
of the SiC MOSFET. Whereas Cys =~ C;s5(Vgc) is assumed
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to be a constant capacitance, Cyq and Cg, are non-linear
functions of their terminal voltages vqgy and vgs, respectively
(see [4]). The variation of these capacitances with voltages
can be obtained from the capacitance vs vg4s plot provided
in the datasheet using the relations; Cyq = Cyss and Cys =
Coss — Cres. It is be noted that for negative values of vgg,
Cyq is a large capacitance equal to the capacitance of the gate
oxide layer C,; [4]. (2) and (3) denotes the non-linear function
form used for the capacitances Cyq and Cgg respectively. Fig.
4(a) shows the effectiveness of the capacitance in fitting the
datasheet curves.

Cp(vp) = 4)

D 0.5
1 —
( - k9>

The behavioral model for SiC Schottky diode (D) is also
shown in Fig. 2(b). The diode is modeled as an ideal diode
with zero voltage drop in forward-biased condition. In reverse-
biased condition, it is modeled as a voltage-dependent capaci-
tor Cp(vp) where vp is the reverse voltage acroos the diode.
Cp(vp) can be obtained from the datasheet of the SiC SBD.
(4) is used for modeling this reverse-biased capacitance of the
diode and it is plotted in Fig. 4(b).

The SiC MOSFET is driven with the gate drive voltage vg.
While the positive level Vi is used to drive the MOSFET
at recommended on-state resistance and sufficient switching
speed, negative voltage level Vgg is used to prevent the
device against false turn-on events. R () is the external gate
resistance which includes the driver internal resistance.

Fast switching transitions of SiC MOSFETs excites external
circuit parasitics such as Ly, Ly, Cgar(e)s Cas(e) and
Cp(e)- Lg(e) represents the external gate inductance. It is
contributed by the gate driver IC pin inductance, inductance
of KS pin and the PCB trace inductance connecting the
gate and source pins of the SiC MOSFET to the gate driver.
L, represents the total power loop inductance, and it is the
summation of DC bus inductance (contributed by layout of
DC bus and ESL of DC bus capacitor), lead inductances of D
and connection inductances of @ and D. Cy gy and Cyrgr(e)
are external capacitances across g’, d’ nodes and d’, s’ nodes
of the SiC MOSFET and these are contributed by PCB layout.
Cp(e) 1s the external parasitic capacitance across a, k nodes
of D and it is the summation of layout capacitance and high-
frequency parasitic capacitance of the inductive load.

The time evolution of gate-source voltage v,,(t), drain-
source voltage vgs(t) and channel current 4. (¢) during switch-
ing transitions are the key waveforms related to switching
dynamics study and switching loss estimation. Due to the
presence of internal device and circuit parasitics, it is not

vgs < Vip, (1a)

vy,
s Vas < (Ugs - Vth)/Pva Vgs > Vin (1b)
Vds > ('Ugs _ Vth)/Pva vgs > Vip (Ic)

possible to measure these waveforms experimentally. The
measurable waveforms are vy (t), ves (t) and 4,(t) (Fig.
2). The actual switching loss (E) in the MOSFET is given
by (5) and the apparent loss (E’) is given by (6) where T is
the switching transition time. Note, £’ can be obtained from
double pulse test based experimental measurement. Kindly
also note that vys(t), vas(t) and ic,(t) are obtained from the
simulation of the behavioral model is MATLAB/Simulink.

T
E:/ Vs (T)ien(T) dT (5)
0

T
E/ = / Vg’ s’ (T)ip(T) dr (6)
0

III. ANALYTICAL MODELING OF SWITCHING DYNAMICS

This section aims to analyse the turn-on and turn-off switch-
ing dynamics of the TO-247-4 packaged SiC MOSFET and
SBD pair. It also estimates the actual switching loss (£), and
(dv/dt) and (di/dt) rates for a given operating condition (V,
Ip) and gate driver parameters (Veg, Vaa, Rg(.))- The device-
related parameters (Cys, Cya(vag), Cas(vVdas)s Vin, Kp, Ky,
0, Ry(;) and Cp(vp)) are obtained from the datasheets and
the external circuit parasitics (Ls, Ly, Cyrar(e)> Cargr(e) and
Cb(e)) can be approximately estimated from electromagnetic
simulation [7] or experimental measurements [8]. Note: effect
of Ly and L. are negligible in switching dynamics other
than initial delay period and hence, it is not considered in the
analysis.

A. Turn-on analytical model

Turn-on switching dynamics of the TO-247-4 packaged SiC
MOSFET can be divided into four stages: Stage I (turn-
on delay period), Stage II ( current-rise period), Stage III
(intermediate period) and Stage IV (voltage-fall period) as
shown in Fig. 5(a)). Note: divisions of these stages are similar
to TO-247-3 packaged SiC MOSFET [9]. 7, 11, trrr and try
denote the time period of these modes respectively.

1) Stage I - Turn-on delay period : The turn-on switching
dynamics begins when a positive gate pulse Vg is applied
and the MOSFET enters into Stage I. Gate-source voltage
vgs increases exponentially with time constant 7 = (R ) +
Rg(i))C’gs. icn, Temains zero throughout this period, and the
entire load current Iy freewheels through the diode. MOSFET
blocks the entire dc bus voltage V. (see Fig. 5(a)). This stage
ends when vy, reaches Vyj,. Switching loss incurred in this
stage E7 is zero.
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Fig. 5: Turn-on Simulation Waveforms (a) TO-247-4 Packaged

SiC MOSFET (b) TO-247-3 Packaged SiC MOSFET
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Fig. 6: Stage II Equivalent circuit

2) Stage II - Current-rise period: After vy, exceeds Vi,
icn, starts to increase. In this stage, SiC MOSFET is in the
saturation region, SO 4., is a non-linear function of vy, (see
(1c)). The diode D is in the forward biased condition and
vp ~ 0. Unlike the TO-247-3 packaged SiC MOSFET, i,
lags behind i.;, for the entire duration of Stage II and as
a consequence, the drain-source voltage vgs experiences fall
in its value and does not remain constant (see Fig. 5(a)
and Fig. 5(b) for TO-247-4 and TO-247-3 package devices
respectively). Due to significant change in the value of vy,
currents (Cyqdvgy/dt and Cyr g (eydvag /dt) are induced in the
gate circuit. This results in the coupled dynamics of the gate
and the power loop. Note: [6] considers i, ~ i., and hence
dynamics of gate and power circuit can be decoupled.

The equivalent circuit of Stage II is shown in Fig. 6.
Applying KCL at node g and KVL in gate loop along-
with the approximation (dvg gy /dt) ~ (dvgg/dt), we get
(7) where 71 = (Ry (Cys + Cya(vag)) + Ry(e)Cyrar(e)) and

q ‘ V:h:(:)
il , L (vas)
Cys (D)ien(vgs) ds\Vds
Ty 7T ek
S

Lf (J i,

Fig. 7: Stage III Equivalent circuit

72 = (RyCya(vag) + Ry(eyCyrar(e))- KVL in the power loop
with approximation iq ~ i5 ~ ip, (8) can be obtained. Also,
applying KCL at node d with approximation (dvg g /dt) =~
(dvag/dt), (9) can be obtained.

dvgs di dvg
Vo = g s+ Ls—2 — 2 7
GG NI T les T Re g Ty @
di
Vds = Vdc - (Lp + Ld + Ls) 7: (8)
. . dvugs
(ld - Zch) ~ (Cds(vds) + ng(vdg) + Cg’d’(e) + Cd’s’(e)) dt
dvds
~ (Coss(eq) ('Udgv 'Uds)) (©)]

dt

Equations (7), (8) and (9) together describe the dynamics of
Stage II with vy,, vgs and 7, being the state variables. Finite
difference method (FDM) is employed to solve the coulpled
dynamics. This stage ends when i, reaches the load current
Iy. trr and Ej; (given by (5)) denotes the time period and
actual energy loss during this mode,. At the end of Stage II,
Vgs = VgsII» ip = Iy and vgs = Vst

3) Stage III (Intermediate period): After iy reaches Iy, the
SiC Schottky diode becomes reverse-biased and its voltage vp
begins to increase (see Stage III in Fig. 5(a)). vgqs drops from
its initial value Vs77. SIC MOSFET is in the saturation region
and 4., evolves according to (1c). All the state variables start
changing appreciably, and the gate and the power loop are
fully coupled.

The equivalent circuit of this stage is shown in Fig. 7. (7)-
(9) together with (10) approximately describe the dynamics of
this stage. These form a set of coupled nonlinear differential
equations in the state variables vgs, vgs, vp and ¢, and hence,
solved using FDM. This stage ends when i, reaches its peak
or (dip/dt) = 0. Eyj; represents the switching loss incurred

in this mode. At the end of Stage IIl, vys = Vyerrr and vgs =
Vasrrr.

. dvp

ip = Iy + (Cp(vp) + Cp(e)) 7 (10)

4) Stage 1V (Voltage-fall period): During this stage, vgs
remains almost constant to Vggrrr. The MOSFET @ still
operates in the saturation and 7., which follows (1c) also stays
constant at I, . vgs starts to fall sharply from its initial value
Vasrrr (see Stage IV in Fig. 5(a)). In this stage, i; < i, and
vp ~ Vs —v4s as the drop across the inductances L4, Ls and
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L, are small compared to v4s and vp. Also, vg4g, Vge = Vgs
as vq, is significantly higher than vg,.

* dvgs
Iy = I} + OeQ(Q)(UdS)TZ (11
1 Vasrrr
¢ :44444*/ Ceq@)(vas)dvas — (12)
© (VdsIII - VT) Vi q(Q)( d ) d

Fig. 7 also shows the equivalent circuit of Stage

IV. Using the aforementioned approximations in (9)
and (10), we obtain (11) where Cey(g)(vas) =
(Coss(eq) (Ud_m Uds) + CD(Vdc - 'Uds) + CD(@)))’ Note:

Ceq(q)(vds) remains constant most of this mode’s duration
(see Fig. 8) and hence, it can replaced by an equivalent
charge related capacitance Cy which is defined as (12). As
a result of these approximations, closed form expressions of
vgs(t), try and hence, Ery (loss incurred in this stage) can
be obtained (see (13), (14) and (15) respectively). This stage
ends when the SiC MOSFET enters into ohmic region.

Iy — I

%%%m+i?ﬂ (13)

Q

Vasrrr — Vr
tryv~ | ———— | C, 14
v <I:hfo)Q (14)

1

Ery = 3 (Vasrrr + V) Intrv (15)

Total switching energy loss during the turn-on switching
transition is given as E,, = (Err + Errr + Erv). (di/dt)
and (dv/dt) are calculated using (Iy/trr) and (Vasrrr/trv)s
respectively.

B. Turn-off analytical model

Similar to the turn-on switching transition, turn-off switch-
ing transient can be divided into three stage: 1) Stage V (turn-
off delay period), 2) Stage VI (Voltage-rise period) and 3)
Stage VII (Current-fall period) as shown in Fig. 9.

1) Stage V - Turn-off delay period: Turn-off switching
transient begins when negative gate signal of strength Vig
is applied to the MOSFET and it enters into Stage V. vy,
reduces from its initial value of V. The MOSFET is in the
ohmic region and i.;, has non-linear functional dependence on
vgs and vgs (see (1b)). In this stage, power loop state variables
vp and 7, are assumed to remain constant at their respective
initial values (Vi —vgs(on)) and Io. A coupled dynamics of the
gate and the power loop is considered to obtain the accurate
initial conditions for the following stages [4]. Effect of L, is
neglected.

Stage Stage Stage
\Y% VI VII
UD L Ve

Current (A) Voltage (V)

Current (A) Voltage (V)

ty Totyr tvir

(b) High Ry

Fig. 9: Turn-off Simulation waveforms
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» d

,.__)Lcd,

+(vas)
_+.
Cumre

Fig. 10: Stage V Equivalent Circuit

Fig. 10 shows the equivalent circuit of this stage. vgqy < 0
for the most of the Stage V and Cyq is given by (2a). Applying
KCL at the nodes g and d and by using the approximation
that (dvgqg /dt) ~ (dvqg/dt), we obtain the equations (16)
and (17). Here, 7 = (Rg (Cgs + ng(vdg)) + Rg(e)Cg’d’(e))7
T2 = (Rgcgd(vdg) + Rg(e)Cg’d’(e))a (Coss(eq)) = Cds(vds)+
Cya(vig) + Cgare) + Carsrey and Cygreqy = Cya(vay) +
Cya(e)- The dynamics of this stage is approximately governed
by two state variables vy, and vg,. Finite difference method
is used for solving this stage. Stage V ends when the SiC
MOSFET enters the saturation region.

dv,s dvgs
Vo m =l 4 vge — T (16)
. . dvds dv s
(Zd - Zch) ~ (Coss(eq)) W - ng(eq)Ti (17)

2) Stage VI - Voltage-rise period: This stage starts when the
MOSFET enters saturation region. i.; solely depends on vy,
during this stage and it falls sharply. Gate and power circuit are
fully coupled. Similar to Stage III, Fig. 7 also represents the
equivalent circuit of this stage. Coupled non-linear equations
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TABLE I: Extracted parameter values of SiC MOSFET (C3M0075120K) and SBD (C4D10120A) pair

Vin Kp 0 Ryiy Cgs k1 ko Vr kg ks ke k7 k10 k11
2 Ky Py a(i) g ks

V) (AIV?H) (V) Q) @F) @F) (V) V) @F) (V) @®F) (V) @F) (V)

4.5 3.4 2.0588 0.00 0.2 9 1.39 055 06 04 12 022 0.25 1.1281 1.6 0.7535 1.7

containing state variables vy, vg4s, vp and i, approximately
represents the time evolution of this stage (see (7)-(10)). Based
on the values of I and Rg(e), two different scenarios can
occur. For low values of Iy and/or Rg(c), icn collapses to zero
during Stage VI (voltage rise period) (see Fig. 9(a)), whereas
for high Iy and/or Ry, icn sustains during Stage VI (see
Fig. 9(b)). However, the first scenario is common for TO-
247-4 packaged devices due to the small value of L,. As a
result, turn-off switching losses reduces significantly.

3) Stage VII - Current-fall period: As stated in the pre-
vious subsection, this stage exists when I, and/or Rg(e) are
sufficiently high. The diode D is forward-biased and both 7.,
and 4, start falling sharply. Similar to the current-rise period
(Stage II), gate and power circuit are fully coupled during this
stage and the (7)-(9) governs this stage’s dynamics. This stage
ends when vy, reaches V;;, and the SiC MOSFET enters into
cut-off region. 'y r; denotes the switching loss of this stage.

Total switching energy loss during the turn-off switching
transition is given as Eyry = (Ev + Evr + Evir). (di/dt)
and (dv/dt) are calculated as (Iyy/tvrr) and (Vgsv /tvr),
respectively.

IV. SIMULATION AND EXPERIMENTAL RESULTS

Double pulse test (DPT) based experiments are performed to
obtain the switching dynamics of the TO-247-4 packaged SiC
MOSFET and SBD pair. Fig. 11 shows the experimental setup
for the DPT. C3M0075120K (1200V, 32A) and C4D10120A
(1200V, 33A) from Wolfspeed/CREE was used as the SiC
MOSFET and SiC SBD respectively. The device-related pa-
rameters of the SiC MOSFET and SiC SBD extracted from
their respective datasheets are provided in Table 1. Gate driver
voltage levels are Vo = 15V and Vgg = —5V. External
circuit parasitics were obtained from measurement [8] and
are given as Ly = 10nH, Ly = 0.25nH, L, = 25nH,
Cg/d’(e) = 9pF, Cd’s’(e) = 60pF and CD(e) = 40pF. DPT
experiments were conducted at V. = 800V and for three
values of Ry (2.5€2, 7.5(2, 1592) and three values of Iy (10A,
20A, 30A). Note: The devices were tested at room temperature
(= 25°0C).

Vgrsr (1), varer(t), and ip(t) are important waveforms for
the characterization of the switching dynamics. Passive probe
TPP1000 (10x, 1GHz), high voltage probe P5100A (100x,
500 MHz) and coaxial current shunt SSDN-414-10 (100m¢?,
2GHz) were used for the measurement of vy g (t), vas (t),
and i, (t) respectively. Mixed Signal Oscilloscope MDO3104
(1GHz, 5Gs/s) was used to capture the signals. Deskew and
calibration fixture (067-1686-00) was used to match the prop-
agation delay between the voltage and current probes before
the experiment.

Fig. 11: DPT setup

A. Validation of Behavioral Model

The behavioral model presented in Section II is validated
through the DPT results in this subsection. The model was im-
plemented in MATLAB/Simulink using the Simscape library.
In Fig. 12(a), vars, ¢p and vy waveforms obtained from the
DPT and simulation of the behavioral model are superimposed
for the turn-on switching transitions. Similarly, Fig. 12(b)
shows the comparison for the turn-off switching transition.
A close agrement between the simulation and experiment
are observed. The same observation also holds true for other
operating conditions. This validates our behavioral model and
also verifies the correctness of the parameters used in the
simulation.

B. Verification of the Proposed Analytical Model

In this section, the analytical model presented in Section
IIT is verified by using the validated behavioral model as the
benchmark.

1) Actual Loss Comparison: In fig. 13(a) actual turn-on
switching energy loss (FE,,) obtained from the analytical
model and the behavioral model are compared. Comparison of
the actual turn-off switching energy loss (£, ) is presented in
Fig.13(b). It can be observed that analytical model can predict
the actual switching loss with good accuracy. Also, turn-on
switching loss for TO-247-4 packaged devices can be observed
to be significantly higher than the turn-off switching loss.

2) Switching loss comparison among DPT, simulation and
analytical methods: Experimental loss (6) obtained from DPT
is compared with the actual loss obtained from behavioral
and the analytical methods. The validated behavioral model is
taken as the benchmark as it can give the actual loss (5). The
switching losses during the turn-on and the turn-off transitions
obtained from the three methods are plotted against the load
current [y in Fig. 14 (a) and (c) respectively. Their percentage
error plot is given in Fig. 14(b) and (d) respectively. It can
be observed that both analytical model and DPT has similar
performance. Whereas analytical model results in slight over-
esstimation of the turn-on loss, DPT slightly underestimates
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Fig. 12: Comparison of behavioral model with experiment - (a) Turn-on Switching dynamics (b) Turn-off Switching dynamics
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it. On the other hand, high discrepancy is observed in the
estimation of the turn-off switching loss by the DPT. This
is due collapse of the channel current to during Mode VI
(voltage-rise period) which cannot be accounted in the DPT.

3) (di/dt) and (dv/dt) comparison: Turn-on and turn-
off (di/dt) obtained using behavioural simulation, analytical
model and experiment are compared in Fig. 15(a) and (b),
respectively. Whereas, the turn-on (di/dt) is observed to have
strong correlation with the external gate resistance R ), turn-
off (di/dt) shows a weak dependence on Rg(.y. This is due
to the collapse of 4., during the voltage-rise period (turn-off
transition) for most of the operating conditions for TO-247-
4 packaged devices. As a result, switching speed of the SiC
MOSFET is no longer controlled by the gate circuit.

Fig. 15(c) and (d) presents a comparison of the turn-on and
the turn-off (dv/dt) obtained using behavioural simulation,
analytical model and experiment. It can be observed that both
the turn-on and the turn-off (dv/dt) has a weak dependence
on Ry(y. Also, turn on (dv/dt) remains almost invariant with
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Fig. 14: Tllustration on the error in switching loss estimation
from DPT

Iy whereas the turn-off (dv/dt) increases with Ij.

V. COMPARISON OF TO-247-4 AND TO-247-3 DEVICES

Experimental comparison of the SiC MOSFET in TO-
247-4 package (C3M0075120K) and in TO-247-3 package
(C3M0075120D) is presented in this section. Fig. 16(a) and
(b) respectively shows the comparison of the turn-on switching
loss E,,, and turn-off switching loss E,. It can be observed
that both E,, and E,r; of TO-247-4 packaged devices are
smaller than their TO-247-3 packaged counterpart and the
difference increase with higher gate resistance. Comparison
of (di/dt) and (dv/dt) rates during the turn-on and turn-
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off transitions are shown in Fig. 17. It can be observed that
both the turn-on and the turn-off (di/dt) and (dv/dt) of TO-
247-4 packaged devices are significantly higher than the TO-
247-3 counterpart. Also, difference in turn-on (di/dt) and
(dv/dt) between the two packages is observed to reduce with
external gate resistance. It is worthwhile to note that switching
dynamics of TO-247-3 packaged devices approach their TO-
247-3 counterpart with the increase in gate resistance due to
slower switching transitions.

VI. CONCLUSION

In this paper, an analytical switching transient model of
terminal SiC MOSFET (TO-247-4 package) and SBD pair
using datasheet parameters and external circuit parasitics is
presented. This model is derived from the behavioral model.
The proposed model considers the nonlinearity in the device
current and capacitance characteristics and estimates (dv/dt),
(di/dt), and actual switching loss. The behavioral simulation
and experiment for 1.2kV SiC MOSFET and SBD pair vali-
dates the proposed model.

Unlike TO-247-3 packaged SiC MOSFETSs, there can be
significant difference between drain and channel current during
current-rise period (Stage II) of TO-247-4 packaged devices.
As a result, substantial drop in the drain-source voltage of

A Ry =250 —B Ry =750 | [—— TO-247-4 ——— TO-247-3 |

Iy(A)

(©) (d)

Fig. 17: Comparison of TO-247-3 and TO-247-4 devices: (a)
(di/dt)on () (dv/dt)on (c) (di/dt)ors (d) (dv/dt)ors

the SiC MOSFET is observed and the gate and the power
loop becomes fully coupled. Also, during turn-off, channel
current collapses to zero during voltage-rise period for most of
the operating conditions resulting in significantly lower turn-
off switching losses. Moreover, TO-247-4 devices have lower
switching loss compared to similarly rated TO-247-3 device
and faster (dv/dt) and (di/dt) rates due to reduced value of
common source inductance in case of TO-247-4 devices.
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