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Abstract: It is well known for SiC MOSFET that the
integration of the product of experimentally measured drain
current and drain-source voltage results in inaccurate esti-
mation of switching loss. This paper presents an alternative
energy based approach to accurately compute switching loss
from experimentally measured waveforms. This indirect but
relatively simple method requires device parameters available
in data-sheet. It is derived from the behavioural model through
approximations. Detailed non-linear capacitance model of the
SiC MOSFET is used that results in accurate estimation of
actual turn on and turn off losses. It has been verified through
behavioural simulation and experiment for a SiC MOSFET
and schottky barrier diode (SBD) pair for a wide range of

operating conditions.
Index Terms—Hard switching, Soft switching, dead-time, Dou-
ble pulse test, Modelling, SiC MOSFET

I. INTRODUCTION

SiC MOSFETs are widely used nowadays due to its supe-
rior switching, conduction and thermal performance [1]. This
MOSFETs are commercially available in the voltage range of
600-1700V and try to penetrate the Si IGBT market in this
voltage range.

Estimation of switching loss is important to decide the
switching frequency of a power electronic converter and it
is also an input to the thermal design. Experimental switching
loss measurement technique such as double pulse test (DPT)
is generally used to estimate the switching loss where drain
current and drain-source voltage are measured in a double
pulse test (DPT) and then multiplied and integrated over
switching period to estimate switching loss. However, it is
not possible to measure the actual switching loss using this
method [2] as the device and external circuit parasitics play
a significant role during switching transient of SiC MOSFET.
There are different simulation based techniques like physics
based simulation [3] or behavioural simulation [4], that are
used to estimate the actual switching loss. However, it requires
domain knowledge and expensive softwares. Analytical model
proposed in some of the existing works [2], [5], [6] can
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be used to estimate the actual switching loss. However, it
is less accurate compared to simulation based approaches
due to the approximations used. Energy based switching loss
calculation technique is proposed for hard switching condition
in [7] where two step approximation of the non-linear device
capacitance is used. However, this will result in inaccurate
estimation of actual switching loss as the device parasitic
capacitances of SiC MOSFET are highly non-linear [2]. Also,
the expression for estimating soft turn off switching loss is not
provided.

In this paper, a energy based approach is presented where
the actual turn on and turn off losses can be estimated from
the experimentally measured waveforms and using the values
of device and external circuit parasitics obtained from device
datasheet and/or measurement. Detailed non-linear model of
device capacitances are used to increase the accuracy of the
proposed method. There are two different switching conditions
have been studied in this paper: a) hard turn on and turn off for
SiC MOSFET and Schottky diode pair, b) Soft turn off of SiC
MOSFET in a bridge leg configuration. This method is derived
from the behavioural model of the switching transient. It has
been verified through behavioural simulation and experiment
for a SiC MOSFET and SBD for a wide range of operating
conditions.

The rest of the paper is arranged in the following way.
First, a behavioural model to study hard and soft switching
dynamics of SiC MOSFET is described in Section II. Then
the proposed energy based technique is derived in section III.
Details of experimental measurement set-up and results are
given in Section IV. Section V draws the conclusion.

II. BEHAVIOURAL MODEL

The behavioural model for hard switching conditions is
given in Fig. 1(a). This model is presented in [2] and used
in this work to derive the energy based method for actual loss
measurement. A buck chopper configuration is considered with
Q@ p as the active SiC MOSFET and SiC SBD diode D is the
free-wheeling SiC SBD. V. is the input DC bus voltage and I
is the load current. () 5 is modelled as a three terminal device
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Figure 1: Circuit configuration for switching transient analysis: (a) Hard switching transient, (b) Soft switching transient, (c) Equivalent model of SiC MOSFET
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with terminals ¢’, d’ and s’ as given in Fig. 1(c). Similarly
D is modelled as two terminal device with terminals a and
k.

vaa 1s the gate input voltage and it has two levels, Vo and
VEE respectively. Ryipn: and [Rge. are the internal and external
gate resistances. [Rgqq¢ is controllable and takes into account
the internal resistance of gate driver IC. The SiC MOSFET
is modelled as a voltage controlled current source along-with
high frequency parasitic capacitances. Channel current 7., is
a function of gate source (v4s) and drain source (vq4s) voltage
and is given by (2) [2].

Cys, Cgq and Cy, are the gate-source, gate-drain and drain-
source parasitic capacitances. Cgys is a constant capacitance
whereas Cyq and Cg, are functions of vq, and vg, respectively
((2) and (3)). Diode D7 is modelled as a ideal diode in forward
bias condition whereas in reverse biased condition, it is
modelled as a non-linear capacitance C'p (4). Experimentally
measured Cgq and Coss = (Cyq + Cqs) as a function of
vgs are given in device datasheet. So the parameters of (2)
and (3) are obtained by fitting respective equations to the
experimentally measured datasheet plots. Non-linear voltage
dependant capacitance C(v) can be replaced with equivalent
energy related capacitance C.,-(V1, V2) in the voltage interval
v € (V1,V2) given by (5).
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L4 and L, are the drain and source lead inductances of
@p. Ly is the power loop inductance which is contributed
by the lead inductance of D, DC bus inductance, ESL of
DC bus capacitor and the connection inductance of Dr and
Qp (it excludes Ly and Lg). Cyrgr(eery and Cop(eqr) are the
external parasitic capacitances across ¢g’, d’ node and a, k
node respectively which is solely contributed by the PCB
layout. The parasitic capacitance Cy g (cre) is neglected as
the minimum value of Cgys is high compared to measured
C’d’ s’ (ext)-

For capacitor assisted soft switching study, Dt is replaced
with a SiC MOSFET @1 which is similar to @ g (see Fig. 1(b))
[8]. During dead-time, the load current free-wheels through the
body diode of Q. The body diode of Q7 is considered as
ideal in forward biased condition. When reverse biased, output
capacitance (C,ss) of Qr influences the switching transition
and it is modelled with similar function as (4). C..; is the
external snubber capacitance connected across d’ and s’ nodes
of both Q7 and Q. Cyi(eary comes in parallel with Ceyy
and its value is small compared to C.,; and hence neglected
for capacitor assisted turn off soft switching transient study.
Using experimental measurement, vy s (t), vgrs (t) and ige(t)
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are measured as it is not possible to access device internal
nodes g, d and s. In conventional loss measurement using
DPT, switching loss is calculated using the expression given
in (12) where T is the switching transition time. On the other
hand, the actual switching loss happens inside the MOSFET
channel during switching transition. So the actual switching
loss is given as (13) which requires time evolution of 7., and
vgs. Due to fast switching transient of SiC MOSFET, impact of
parasitics are significant. So 7., and v4s can not me measured
experimentally and there can be significant difference between
FE and F'.

T
El :/ Va’ s’ (T)idc(T) dT (12)
0

T
E :/o Vas(T)ien () dr

III. ENERGY BASED METHOD FOR ACTUAL SWITCHING
LOSS ESTIMATION

(13)

The objective of this section is to estimate the actual
switching loss (F) using experimentally measured E’ for both
hard switched and soft turn off conditions. The estimation
technique requires values of Ly, Ls, Cyq(v4y) and Cys(vgs).
Values of Cyq(vag) and Cys(vgs) can be obtained from device
datasheet whereas Ly ans Ly is given in Spice model of the
device or can be experimentally measured [9]. Actual loss
estimation for hard switching and turn off soft switching are
discussed separately.
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A. Actual loss estimation for hard switched SiC MOSFET and
SBD pair

In this subsection, the method for calculating actual hard
switching loss from the experimental measurement is pro-
posed. Applying KCL at node d’ and d of Fig. 1 and add
these two equations, we get (14), which can be approximated
as (15) as vy q vgq. Applying KCL at s’ node, we get
is = (ldetigr). As iy <K ige, lge = 1. Similarly, is = (ig+ig)
and i, < ig, SO ig & is & i4.. Applying KVL across d’, d,
s and s’ nodes of Qg with approximation ig ~ is ~ ig., We
get (16).

~
~

. dvg, d dvgr g
(idc - lch) = Cds ('Uds)T + ng(vdg)% + Gq’d’(ezt) thg (14)
. ) dvg d
(ch - lch) Cds(vds) dt (ng(vdg) + Cg’d’(ezt)) % (15)
dig
Vqrs' = Uds + (Ld + Ls) dtc (16)

Now, replacing the expressions for ., (15) to (13), the
expression for actual loss E can be written as (6). Now
replacing the expression of vy, from (16), (6) is reduced to
(7) where i € (I1,15) and vqg, vas € (Vi,Va) for t € (0,T).
Using (5), (7) can be written as (8) where C gd(er) and
Cis(ery are the energy related capacitances in v € (V1, Va).
Time evolution of vy ¢ and 74. during switching transient is
obtained through experimental measurement. The initial and
final conditions for hard turn on and turn off conditions are
different. So the expressions of actual turn on and turn off
losses (E,,, and E,fs) are given below separately.
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Table I: Device parameters of C2M0080120D SiC MOSFET and C4D10120A SBD pair extracted from data-sheet
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Figure 2: Simulation vs experimental waveforms, (a) Hard Turn-on, (b) Hard Turn-off, (c) Soft Turn-off

1) Hard Turn on switching loss calculation: Initial Con-
dition: ¢ = 0, ¢g. = 0, vgs = vgg = Vg.. Final condition:
t = Ton, tdc = o, v4s = vgg = 0. Using these initial and
final conditions, (8) can be simplified to (9).

2) Hard turn off switching loss calculation: Initial Con-
dition: ¢ = 0, iq = Iy, vgs = vgg = 0. Final condition:
t="Topf, tde = 0, vgs = vqg = V*. V* is close to V4. and
vars (t = Toyy) obtained from experimental measurement is
used as V*. Using these initial and final conditions, (8) can
be simplified to (10).

B. Actual turn off loss estimation for soft switched SiC MOS-
FET

In zero voltage switching (ZVS) converters, turn on loss
is negligible and switching loss is mostly contributed by the
turn off loss [10]. Through C.,, turn off switching loss can be
significantly reduced. Similar to hard turn off loss, the actual
switching loss for soft turn off condition can be calculated
using (11).

IV. EXPERIMENTAL SET-UP AND RESULTS

Figure 3: Experimental Set-up

Double pulse test (DPT) is used to experimentally measure
va s and iq. (see Fig. 3). DPT set-up is rated for 800V DC bus
voltage and 30A load current. SiC MOSFET C2M0080120D
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(1200V, 36A) and SiC SBD C4D10120A (1200V, 33A) are
used for experiment (both devices are from Wolfspeed). The
device related parameters are extracted from device datasheet
and it is given in Table I.

Opto-isolator IX3180GS followed by a current booster
IXDN609SI is used to drive the gate of the SiC MOSFET.
Gate driver parameters: Voo = =5V, Vag = 20V, Ryeyr =
3,5,9€); external circuit parasitics required for actual loss
calculations: Ly = 6nH L, = "TmH, Ly = 45nH and
Cydr(exty = 15pF'. Operating conditions are Vz. = 800V
and Iy = 5 — 25A in steps of 5 amperes. Cepy = 7TH50pF is
used for turn off soft switching study.

Experimentally measured signals are vy g (t), vars () and
14c(t). Oscilloscope MDO3104 from Tektronix with 1 GHz
bandwidth is used for measurement. vy (t) measurement
is done using a passive probe from Tektronix with 1 GHz
bandwidth (TPP1000). A high voltage single ended probe
from Tektronix (P5100A) with 500 MHz bandwidth is used
for vy e (t) measurement. Current i4.(¢) is measured using
a AC/DC current probe from Tektronix (TCPO030A) 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).

In Fig. 2, vge(t) and ig.(t) obtained from behavioural
simulation (using MATLAB/Simulink®) and experiment are
plotted for three different conditions (hard turn on, turn off and
soft turn off). Similarly, experimentally obtained £’ (E;,,)
and E’ obtained using behavioural simulation (E.;,,) are
compared in TABLE III for hard turn on, turn off and soft
turn off conditions. There are close match observed between
simulated and experimental results. This verifies that the



Table II: E,; calculation using (10) for V. = 800V, Iop = 20A and Rgeqt = 392

Io(A) Eypp (0J) V* (V) (La+Ls) (nH)

C_q’d’ (ext) (pF)

Cya(er)(0; V) (0F)  Cys(er)(0,V*) @F)  Eopy (1J)

20 108.3 980 13 15

9.84 77.8 62.03

behavioural simulation can accurately capture the switching
transition for both hard and soft switching conditions.

Table III: Comparison of E’

Hard Switching (u.J) ‘ Soft Turn-off (u.J)

o 0
A) | Turn on Turn off | (Cext = T50pF)
‘ Eézp E;zm ‘ Etlimp Egzm ‘ Eéwp E;zm
5| 67 727 | 42 39 | 297 261
15 ‘ 202 212 ‘ 69.4 65 ‘ 347.3 312
25 ‘ 322 311 ‘ 134.7 153.42 ‘ 402 383
Table IV: Comparison of E
I ‘ Hard Switching (uJ) | Soft Turn-off (11.J)
(A) | Turn on | Turn off | (Cear = T50pF)
‘ Esim Eon ‘ Esim Eoff ‘ Esim Esft
10 | 16722 16141 | 08 1552 | 1 27
15 ‘ 245.9 236.1 ‘ 20.66 25.76 ‘ 3 10.9
20 ‘ 343.3 354.49 ‘ 63.5 62.03 ‘ 7 25.5

In TABLE IV, E obtained using the proposed energy based
method (E,,, E,ry and Egy for hard turn on, turn off
and soft turn off conditions respectively) are compared with
the F obtained from behavioural simulation (FEJ;,,). It can
be observed from the results that the actual loss numbers
obtained from proposed method matches with behavioural
simulation well except for the hard turn off loss for low current
(Ip = 10A). Also, the soft turn off loss numbers estimated
using the proposed method is high compared to the actual
loss numbers obtained from behavioural simulation. A sample
calculation of estimating E,s; using (10) is shown in TABLE
1L

V. CONCLUSION

A method to estimate the actual switching loss for SiC
MOSFET and Schottky diode pair for hard switching condition
and soft turn off loss for SiC MOSFET in a half bridge config-
uration is proposed in this paper. The proposed technique uses
the experimentally measured drain-source voltage and drain
current waveforms along-with the device parasitic inductances
and non-linear voltage dependent capacitances as inputs. It
has been validated using behavioural simulation for a 1200V
SiC MOSFET and schottky diode pair for a wide range of
operating conditions.

It can be observed that the proposed technique can estimate
the hard turn on switching loss quite accurately. For low

load currents, hard turn off loss is small and the proposed
technique somewhat overestimates the loss. Similar thing has
be observed for soft turn off loss for the entire current range.
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