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Abstract: A detailed model to study turn on switching
dynamics of SiC MOSFET and SiC schottky diode (SBD) pair
is presented. This study takes the non-linear effect of channel
current along with the non-linear voltage dependence of de-
pletion capacitances into account. Also the effect of external
gate to drain and anode to cathode parasitic capacitances is
incorporated in the analysis. External gate to drain parasitic
capacitance has a predominant effect on switching dynamics
at high value of external gate resistance. It’s effect has not been
considered in the existing literature. Proposed model estimates
turn on (di/dt), (dv/dt) and loss incurred. The simulation
and experimental results confirm the accuracy of the presented
method over a range of operating conditions for a 1.2-kV
discrete SiC MOSFET and SBD pair.

I. INTRODUCTION

SiC MOSFETs are wide band gap (WBG) power devices
and promised to replace Si IGBTs to achieve better efficiency
and power density [1]. Switching loss estimation is important
in selection of switching frequency and is an input to the
thermal design. For SiC MOSFETs, the turn on switching
loss is predominant over turn off loss [2], [3]. Fast turn on
switching transient of SiC MOSFET may lead to high (di/dt),
(dv/dt) and spurious turn on etc [1]. This paper concerns with
the turn on switching dynamics of SiC MOSFET and schottky
diode pair.

Experimental approach to study switching transient is time
consuming and requires expensive measurement equipments.
On the other hand, physics based simulation requires sophisti-
cated software and internal device parameters not available in
device datasheet. Behavioural model based approach does not
provide insight to the switching process and often suffers from
convergence problem. Analytical model is simple and fast and
derived from the behavioural model through approximations.
It also provides insight into the switching process. In this
paper, an analytical approach is adopted which uses parameters
extracted from device datasheet and external circuit parasitics
as input.

Analytical approach to study the switching transient for low
voltage Si MOSFET [4] is not applicable for high voltage SiC
MOSFETSs because of there non-linear device characteristics
[5] and the predominant effect of external circuit parasitics
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[6]. Analytical modelling approach for SiC MOSFET has been
adopted by some earlier work [1], [6]-[9]. Except [6], a linear
approximation or a modified linear approximation of channel
current is considered. Also piecewise constant approximation
of some of the non-linear device capacitances are considered in
[71-[9]. In [1], [6], non-linear voltage dependent capacitance
are modelled accurately but the effect of external gate-drain
parasitic capacitance is ignored, which has a significant impact
during voltage fall period [10].

This paper makes the following improvements over the
previous work [6]: a) the effect of external gate drain parasitic
capacitance is incorporated in the analytical model. It helps
in estimating actual turn on loss and (dv/dt) rate accurately
for higher external gate resistance. Note, in [6], analytical
loss estimation technique performs poorly for high values of
external gate resistance, b) a simplified analysis compared to
[6] during voltage fall period is proposed, ¢) a detailed model
of miller capacitance is taken into account. Non-linear channel
current dependence over gate source voltage is considered
along with the non-linear voltage dependence of device in-
ternal capacitances. This proposed analytical model estimates
turn on (di/dt), (dv/dt) and actual turn on switching loss.

II. BEHAVIOURAL MODEL
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Figure 1: Circuit configuration for switching transient analysis

Hard turn on dynamics of SiC MOSFET and schottky
diode pair is analysed using a buck-chopper configuration as
shown in Fig. 6(a). Vg, is the DC bus voltage and I is the
load current. SiC MOSFET and SBD are modelled as three
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terminals gate (g), drain (d) and source (s) and two terminals
anode (a) and cathode (k) respectively (Fig. 6(a)). vaq is the
applied gate driver voltage with high and low voltage levels
Vaa and Veg respectively. Ry and Ry, are the internal
and external gate resistance respectively.

The equivalent circuit model or behavioural model of the
SiC power MOSFET is shown in Fig. 6(b). Channel current
in saturation (i.p) is modelle as described in [5] and single
channel approximation is considered. For most part of the turn
on switching transition, SiC MOSFET traverses through cut off
and saturation region. MOSFET is in cut-off region for vy, <
Vi and 4., is equal to zero, Vi, is the threshold voltage of the
MOSEFET. In ohmic region, vgs > Vin, vas < (vgs—Vin)/Poy,
S0 icp, 18 given by (1). The condition for MOSFET being in
saturation region i8 vgs > (vgs — Vin)/Pos. vgs > Vip and
ichn 1s given by (2). Here long channel approximation of the
SiC MOSFET is considered. K, is saturation region transcon-
ductance. Ky is ohmic region transconductance factor defined
as the ratio of extracted ohmic region transconductance to
saturation region transconductance.  represents the transverse
electric field parameter. P, is the pinch-off voltage parameter
which defines how sharp the transition from ohmic region
to saturation region happens. R, represents the drift region
resistance. Device parameter variation with temperature is not
considered in this model. K,, Ky, Vi, 0, P,y and Rq are
obtained from the transfer characteristics (in saturation region)
(Fig. 2) and output characteristics (in ohmic region) of the SiC
MOSFET given in the data-sheet at 25°C' through curve fitting.

H?w@wﬁﬂﬁﬂ
)

KyKy ((Ugs — Vin) vas —

(14 0(vgs = Vin))

ich =
(H

. K (vgs — Vth)2

o = 3L+ 0(vge — Vin) @

0Vgs=10V BUgs=12V*Vgs=14V
AVgs=16V #Vgs=18V Vs =20V

— Fitted curve

—From Datasheet ¢, both(a) & (b)‘

40 40 =
30 30 Mg//% e
<90 < 9 # / n/‘ﬁ/j i
= / N 0 2
3 o Y N // o283
00 2 4 6 8 10 12 14 00 2 4 6 8 10 12
vgs(V) vas(V)

(a) (b)
Figure 2: i4 vs. vgs and i4 vs. vgs curve for C2M0080120D

Cys, Cgq and Cys are the gate to source, gate to drain and
the drain to source device parasitic capacitances respectively.
Input capacitance Cjss = (Cgs + Cyq), transfer capacitance
Crss = Cag and output capacitance Coss = (Cgg + Cys).
In data-sheet, Cjss, Crss and C,ss are plotted as a function
of drain source voltage (vgs). Cys is modelled as a constant
capacitance and it is approximately equal to C;ss for high
value of vg,. Cyq is a non-linear capacitance, depends on
Vgd- For Vg < 0, ng ~ Cyzq. When Vdg > 0, Coza

will be in series with the gate drain depletion capacitance.
As vq, increases, there are two distinct decay rate of Cyq
can be observed in SiC MOSFET [11]. Also for high vy,
effect of Cypq is negligible and Cyq solely depends on
the gate to drain depletion capacitance. So Cgyq can be
represented by the the set of equations given in (3). Similarly,
Cys is also a depletion capacitance depends upon wvgs and
modelled as (4). Extraction of parameters ki to k7 and V4
are done by fitting (3) and (4) to the corresponding plots
given in the data-sheet. Fig. 3 shows one such example.
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Figure 3: Cyq vs vqy and Cgs Vs vg, plot for C2M0080120D

Diode is considered as ideal with zero voltage drop across
it during forward biased condition (vp =~ 0). In reverse bias,
diode is modelled as a capacitance C'p, which is also non-
linear function of voltage (vp) across the diode (5).

kg

. 1/2
1 ——
< * kg)

Fast switching transition of SiC MOSFET excites exter-
nal circuit parasitics. External circuit parasitics which have
been considered are the common source inductance (Lj),
power loop inductance (L4), external gate to drain capaci-
tance (Cyrqr(ext)) and external anode to cathode capacitance
(Cak(ext))- Effect of external drain to source parasitic ca-
pacitance effect is neglected as it is small compared to the
minimum value of Cys(v4s). Ls is the parasitic inductance that
is common to both gate and power circuit loop whereas L is
only part of power circuit loop. Ly is the summation of the
DC bus inductance, the lead inductances of the MOSFET and
the diode and connection inductance between the MOSFET
and the diode.

The time evolution of gate source (vy4s(t)) and drain source
(vars(t)) voltage and the channel current (i, (¢)) during

Cp(vp) = 5)
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Figure 4: Simulation waveforms

switching transitions are the key waveforms related to switch-
ing dynamics study and switching loss estimation. Due to the
presence of internal device parasitics, circuit parasitics and
Ryint, it is not possible to measure these waveforms experi-
mentally. The measurable waveforms are vy s (t), vars(t) and
iq(t) (Fig. 4). The actual switching loss in the MOSFET is
given by (6) and the measured loss is given by (7) where T,
is the turn on switching transition time..

Ton
E = / (vas(T)ien(T) + %, Ra) dr (6)
0

Ton
El = / ’Udls/(T)id(T) dT (7)
0

III. ANALYTICAL MODEL

The objective of this section is to analyse the turn on
switching dynamics of SiC MOSFET and Schottky barrier
diode pair and estimate actual switching loss, (di/dt), (dv/dt)
rates for a given operating condition using values of device
and gate driver parameters and external circuit parasitics. Ry
is neglected as it has negligible impact in switching dynamics.
Hard switching turn on transient of SiC MOSFET can be
divided into five modes, Mode I to Mode V (Fig. 4).

A. Mode I

Mode I is the turn on delay period when positive gate pulse
Vae is applied and vy, changes from Vgg to Viy,. Channel
current remains zero throughout this period and the entire load
current I free-wheel through the diode. The voltage across the
MOSFET is V4. (Mode I in Fig. 4). As switching loss during
this mode is zero, this mode has not been analysed in this

paper.

B. Mode 11

After vy, crosses Vi, channel current i, starts increasing.
During this mode, the SiC MOSFET is in saturation region.
As (vgs — Vip,) is small and § < 1, 4., can be approximately
represented as ic, ~ (K,/2) (vgs — Vin)?. Diode is forward
biased, vp ~ 0. i4 follows i., and vy, remains almost
constant except for the initial portion (Mode II in Fig. 4).
Effect of Cy g (cqt) can be neglected as change in vy is small.
1q follows i., and vgs remains almost constant except for

R
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Figure 5: Equivalent circuit model for Mode II

R

Vaea

the initial portion (Mode II in Fig. 4). Fig. 5 represents the
equivalent circuit of Mode II.

Applying KVL in the gate loop and using the approxima-
tions (dvgs/dt) = 0, Cyq(vig) <K Cys and g = is & ich, We
get (8). Here Ry = (Rgext + Rgint). Also KVL in power loop
with the approximation ig & iy ~ i.p gives (9).

dvgs K,L;\ d 2
VGG ~ RgCgsdii + Vgs + ( 1)2 ) %(’Ugs - V;ﬁh) (8)
dich
s~ Vge — (L L
Vg de — (La+ L) g
K d 2
~ Vdc - <2p) (Ld + Ls)%(vgs - Vvth) (9)
This mode has been solved in [6] with initial condi-
tion vgs(t = 0) = Vi, and final condition vys(tr7) =

(21o/ Kp)1 24V, = V,, and closed form expressions of time
duration (¢77) (10), loss incurred (E;)! (11) and drain-source
voltage at the end of this mode (Vzsrr) (12) are provided. At
the end of Mode Il vy = Vi, iq = cp = 1o and vgs = Vgsrr.
(di/dt) can be estimated as (Io/trr).

C. Mode 111

After ¢4 reaches Iy, diode becomes reversed biased and
diode voltage vp starts to increase. Fig. 6 represents the equiv-
alent circuit of this mode. SiC MOSFET is still in saturation
region. vy, starts increasing from it’s initial value V;,. Effect
of Cy g(ext)y 1s considered as vgs starts reducing during this
period. All the state variables start changing noticeably and
the gate and the power loop are fully coupled.

Functional form of internal MOSFET capacitances
Cga(vag) and Cgs(vgs) are defined in third expression of
(3) (as vggy > Vig) and (4) respectively. vgy =~ vg4s as
Vas > vgs and ((vas — Via) /ks) > 1 throughout this mode
makes Cyq(vas) ~ (a1/V/vas — Via) where oy = (kyv/ks).
Similarly C’ds(vds) ~ (ag/\/@), Qg = (kg\/ﬁ) CD(UD)
is defined in (5).

KVL in the power loop (Fig. 6) with the approximation
is ~ ig gives (13). Applying KCL at d node, we get (14).
Vg = (Vag — Vgrg) and drop vgy = Rgintly < Vg, makes
Vdg' = Vdg. Vis = (Vag — vgs) and change in vgs is high

ldi = — (RgCygs + KpLs Vaa — Vin)), d2 = —KpLs (Vag — Vin)

and d3 = (7‘/7" — Vin
? Ve — Vin
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Figure 6: Circuit configuration for switching transient analysis

K6

Ver

compared to vgs, 80 (dvgg/dt) = (dvgs/dt). KCL at d
node with these approximations give (15). KVL in gate loop
with approximations i, < ig and vgy ~ wvg, gives (16)
where iy = Cys(dvgs/dt) + Cga(vas)(dvga/dt). These set of
equations (13), (14), (15) and (16) along with channel current
expression (2) form a set of coupled nonlinear differential

equations and finite difference method is employed.
dig
Vds = Vdc —UpDp — (Ld + LS)E (13)
) dvp
ia = 1o+ (Cp(vp) + Cak(ear)) o (14)
. . dvds
(ld - Zch) ~ (ng(vds) + Cys (Uds) + Cg’d’(ezt)) W (15)
. dv
VGG ~ (Rgewt + Rgint) lg + Rgexth/d/(ext) ng
dig

s Ls T ]6
+'Ug + dt ( )

Mode III ends when i, reaches its local maxima or
(dig/dt) = 0. trry is the time period of this mode and Eyy;
represents the actual switching loss and can be computed using
vgs(t) and i.p(t) over this time interval. At the end of this
mode Vds — VdsIII7 Vgs = v

m?

vp = Vprrr and ig = Iggpg.

D. Mode IV

After the end of Mode III, vgys falls sharply and both
miller feedback (through Cy4(vag) and Cyrg(eqr)) and feed-
back through L, maintains the vy, voltage almost constant
to V7. The SiC MOSFET is in saturation and ., is also
Ky (Vi = Vin)?
(1 + O(Vnﬁb - ‘/;fh))
tions of this mode is same as Mode III. As i’g < iq and

constant to [}, = 3 . Governing equa-

(Lg + L) (dig/dt) is small compared to vgs and vp, then
vp ~ (Ve — vg4s). From (14), (15) and previously stated
assumption, we get (17). Note for most of this mode vys < vgs
and vgy = v4s. This mode ends when vg, =~ vgs = Vig.
(CD(eq)(vD) + Coss(eq) (vdg,vds)) is plotted with respect to
vgs in Fig. 7 in the range of vgs € (Vig, Vasrrr). It can
be observed that (CD(eq)(vD) + Coss(eq)(vdg,vds)) remains
almost constant for most of the range. Similar observation for
half bridge configuration has been reported in [9]. Non-linear
voltage dependant capacitance can be replaced with equiv-
alent charge related capacitance Cg in the voltage interval
v € (V1,Va) given by (18). Here Vi = Vi and Vo = Vygyy.
vgs(t) can be given by (20). t;y and Ejy represent the total
time period and switching loss of this mode and given by (19)
and (21) respectively. (dv/dt) is given by (Vysrrr — Via) /trv-

1.2

Ceq(nF)

0.4

0
0 200 400 600 800
vas(V)

Figure 7: Ceq vs vgs plot for C2M0080120D SiC MOSFET and C4D10120A
SBD pair

1 Ve
Co= / Cey(v) dv 18
Q ‘/2 _‘/1 Vi q( ) ( )
Vasrrr — Via
try = | —————— 1
v () 1
Iy —I*
%@Z%m+<%d)t (20)
Q
Erv =0.5(Vig+ Vasrrr) Intrv 2D

E. Mode V

During this mode vg4s reduces from it’s initial value Vig.
As vgs is very small, switching loss is insignificant. So Mode
V has not been analysed. Total turn on switching loss £ =
(Err+ Errr + Ery).

IV. SIMULATION AND EXPERIMENTAL RESULT

Double pulse test has been carried out to validate the
the proposed analytical model. C2M0080120D SiC MOSFET
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(IO - [:h) ~ (ng(vds) + Clus (vds) + Cg’d’(ext) +Cp (UD) + Cak(ezt)) T

dvds
17
7 a7

Ceq(vas,wp=(Vie—vds))

Table I: Device parameters of C2M0080120D SiC MOSFET and C4D10120A SBD pair extracted from data-sheet

Vin K 0 Rq  Ryint

Cg.s kl

ko Vi ky ks ke k7 ks kg

Vg
V) (AV?) Ky 1)y Pog (%) @ @) @) V) ks VM @) V) @) V) @) V)
5.6 1.6 2.19 0.01 0.4 0.01 4.6 095 095 035 0.71 12 0.12 0.025 0.79 55 0.75 1.7
(6)) and Eéxp (experimentally measured loss obtained using

Figure 8: Experimental setup

(1200V, 36A) along with C4D10120A SBD (1200V, 33A)
(both from Wolfspeed) is used for experiment. Device param-
eters and gate driver parameters are given in Table I and Table
II respectively. External circuit parasitics obtained through
experiment [12] are given in Table III. Operating conditions
are Vy. = 800V and Iy = 5 — 25A in steps of 5 amperes.
This implies total 15 different operating conditions.

Table II: Driver parameters

Vee  Vea Rgext
V) V) (©)
-5 20 3.5,5.5,9.5

Table III: External circuit parameters

Lq Ls Cg’d’(ezt) cak(ezt)
(H)  (nH) (pF) (pF)
65 75 10 15

A. Validation of behavioural simulation through experiment

The behavioural model used for the development of analyt-
ical model is validated through experiment. In Fig. 9, v s ()
and i4(t) obtained from behavioural simulation and experi-
ment are plotted for two different operating conditions and
a close match is observed. Similarly, experimentally obtained
loss (E;,,), measured loss and actual loss computed using
behavioural model (E’,,  and Ej;,, respectively) are compared
in Fig. 10 for V. = 800V, Ryear = 3.5Q and Iy = 5 — 25A.
A closed agreement is observed between E; ., and EY,,.
This verifies the correctness of the behavioural model and the
parameters used. Note, there is a significant difference between

FEsim (actual loss obtained from behavioural simulation using

using (7)) [6].

Iy = 25A .
800 [ 20
400 10
400 ) 10
0 0 Ry 0
0 10 20 30 40 0 20 40 60

t(ns) t(ns)

Figure 9: Simulation vs experimental waveforms, Operating condition: [800V,
9.5Q]

= Es/im = Eézp |:,Esim
400
<
=
= 200 HH
el [ H

5 10 15 20 25
Io(A)
Figure 10: Comparison: E’ E!. and Eg;pm (in pJ) for [800V, 3.52]

sim’ exp

B. Actual loss obtained using behavioural simulation (FEg;p,)
and proposed analytical model (Eqp1y)

_Eanly 7E5im
600 Rgezt = 959 . :
Rgewt = 55Q
< 400 - >
=
M 200 Ryesr = 3.50
3 .
0 5 iO 1‘5 2‘0 25
1o(A4)

Figure 11: Comparison: Esim Vs Eqpyy (in pJ)

Actual loss obtained from the behavioural simulation (F;,,,)
is compared with the loss estimated from the proposed analyti-
cal model (Eqy,) for all 15 operating conditions in Fig. 11 and
a close agreemet is observed. As mentioned before, there is a
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significant difference between actual loss and experimentally
measured loss and the proposed analytical model predicts
the actual turn on switching loss. Unlike [6], good match is
observed for high values of Rgeq¢.

C. (di/dt)  obtained wusing  behavioural  simulation
((di/dt)sim), proposed analytical model ((di/dt)aniy)
and experiment ((di/dt)esp)
di di di
B al,,, D dl,, = @,
1.2
= 06
SIES
0
5 10 15 20 25
Io(A)

Figure 12: Comparison: (di/dt),,,;,  (di/dt);,, and (di/dt),,,, (in A/ns)

exrp

for [800V, 9.5Q2]

Table IV: Comparison of (di/dt) (A/ns)

(800V, 25A, 3.5€2)  (800V, 25A, 9.5Q2)
Anly Exp | Anly
1156 1.6 128 | 1.02

Sim Sim  Exp

0.98 1.0

(di/dt) obtained from proposed analytical model, be-
havioural simulation and experiment are plotted in Fig. 12
for Vge = 800V, Rgezr = 9.5 and Iy = 5 — 25A. A close
agreement is observed. For a fixed Vy. and Rgey, (di/dt)
remains almost constant with I;. From Table IV it can be
observed that, for a fixed V. and Iy, (di/dt) reduces as Req:
increases but they are weakly correlated. It is noteworthy that
the turn on (di/dt) is heavily dictated by the common source
inductance L and it weakens (di/dt) dependence over Rgey:.

D. (dv/dt) obtained using  behavioural  simulation
((dv/dt)sim), proposed analytical model ((dv/dt)aniy)
and experiment ((dv/dt)eqp)

dv dv dv

40
=30
S
<=0

0 5 10 15 20 25

Io(A)
Figure 13: Comparison: (dv/dt),,;,. (dv/dt),,,, and (dv/dt),,, (in

V/ns) for [800V, 9.582]

(dv/dt) obtained from proposed analytical model, be-
havioural simulation and experiment are plotted in Fig. 13

Table V: Comparison of (dv/dt) (V/ns)

(800V, 25A, 3.5Q2) (800V, 25A, 9.5Q)
Anly Exp | Anly
50.38 51.67 ‘ 33.55

Sim Sim Exp

38.22

55.57 30.47

and results are closely matching. Unlike turn off switching
transient of SiC MOSFET and schottky diode pair, (dv/dt)
does not vary noticeably as Iy changes for a fixed V. and
Rgert- This is because of the fact that ¢, is higher than I
during voltage fall period (Mode IV) and difference between
ich, and Iy remains almost constant for different /. Also for a
fixed Vg, and Iy, (dv/dt) reduces with the increase in Rgeq+
as can be seen from Table V and unlike (di/dt), Rgeqt has a
strong control over turn on (dv/dt).

V. CONCLUSION

An analytical model to study the turn on switching dynamics
of SiC MOSFET and schottky diode pair using datasheet
parameters and external circuit parasitics is presented in this
paper. This model is derived from the behavioural model.
Proposed analytical model estimates (di/dt), (dv/dt) and
actual turn on switching loss. Effect of external gate to
drain parasitic capacitance is taken into account which results
in better estimation of (dv/dt) and loss incurred for high
value of external gate resistance. Also a simplified analysis
during voltage fall period is proposed. It has been validated
through behavioural simulation and experiment for a 1.2kV
SiC MOSFEET and schottky diode pair.

It has been observed that there can be a significant difference
between the the actual switching loss and experimentally
obtained loss and the proposed analytical model estimates the
actual switching loss. Turn on (di/dt) and (dv/dt) does not
vary noticeably with load current for a fixed DC bus voltage
and external gate resistance. Also (dv/dt) is strongly corre-
lated with external gate resistance for a fixed DC bus voltage
and load current whereas (di/dt) has a weak correlation.
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