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Abstract- Silicon Carbide (SiC) MOSFETS are getting popular
in high-frequency power electronic (PE) applications. More and
more concerns for system efficiency and reliability are growing
due to the increasing switching losses and thermal stress. In this
paper, an electro-thermal simulation method for SiC MOSFETSs
in modern PE systems is proposed. In the device simulation, a
behavioral transient model of SiC MOSFETSs is developed and
used for generating a multi-dimensional power loss table in a wide
range of operating conditions. The effects of parasitic elements,
temperature-dependent parameters, and reverse recovery effect of
the diode are taken into account. Furthermore, the power loss
look-up table is integrated into the PE system simulation with an
additional Cauer-based dynamic thermal model considering
heatsink impact. In this way, the instantaneous power losses and
junction temperature can be obtained respectively with fast
simulation speed, reasonable accuracy, and improved simulation
convergence. The proposed approach is implemented in
PSCAD/EMTDC and further validated by the experimental
results of a double pulse test (DPT) setup and a Power Factor
Correction (PFC) system.

Index Terms—Silicon Carbide (SiC) MOSFETSs, power loss,
behavioral model, electro-thermal.

l. INTRODUCTION

In the last decade, Silicon Carbide (SiC) MOSFETSs as a
kind of wide-bandgap (WBG) semiconductor devices have
been rapidly developed with superior features such as high
breakdown voltage, fast switching speed, and high thermal
conductivity [2]. They are increasingly used in many modern
power electronic (PE) applications (e.g. Photovoltaics (PV) [3],
Power Factor Correction (PFC) [4], and power supply [5]). On
one hand, the higher switching frequency enabled by the use of
SiC MOSFETSs can result in smaller filter size, higher power
density, and higher efficiency for PE systems. On the other
hand, the increase of switching losses and thermal stress along
with the intense impact of circuit parasitic components on the
switching behavior may lead to device fatigue failure and thus
counteract the benefits of using SiC devices. Therefore, an
accurate approach for evaluating the power losses and thermal
performance of SiC MOSFETS in PE systems is necessary and
promising for both system design and optimization.
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Fig. 1 Basic switching commutation unit.

One straightforward method of determining the power
losses of semiconductors is capturing their switching transients
with a double pulse test (DPT) setup [6]-[7]. Apart from the
tedious process for different permutation of test conditions, it
has to be a well-designed setup with low parasitics and high
bandwidth probes are needed especially for SiC MOSFETS.
The conduction loss can be obtained based on the conduction
current and the on-state resistance in the datasheet, while the
switching losses are more complicated and required transient
analysis. For decades, a great research effort has been made in
developing various SiC MOSFET loss models from various
perspectives [8]. Physical models can accurately reproduce the
device switching behavior based on the internal physical
structure of the device [9]-[14]. The model in [11] features a
physical description of the channel current and internal
capacitances, whereas the interactive behavior of the diode is
not fully considered. Built-in Spice MOSFET model [12] (in
pair with Schottky diode [13] or a half-bridge module [14]) is
widely used for device-level study but only for a specific device
in a specific simulator and the impacts of parasitics as well as
thermal-dependent parameters are normally ignored. Generally,
it is difficult to obtain the physical parameters of the device, and
additional measurement or numeric method (e.g. finite element
analysis) is usually required. Behavioral models [15]-[17] can
achieve fast simulation speed by mathematical fitting the
external characteristics of the device, but hardly being able to
describe the switching behavior in all the operating conditions.

Recently, several analytical loss models for SiC MOSFETSs
[18]-[19] have been developed to compute the power loss by
the derived mathematical equations for transient equivalent
circuits. Piecewise linearizing the switching process of the
device is a commonly used method for loss calculation due to
its simplicity [20]. However, the impacts of parasitics are not
considered. To improve the accuracy, various impacts on the
switching behavior of the device have been taken into
consideration, such as the effects of parasitic elements [21], the
interaction of the PIN diode or Schottky Barrier diode (SBD)
[22], and other new insights (e.g. carrier-trap influences [23],
ringing losses [24], non-flat miller plateau [25] and
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displacement current [26] ). Xuan Li, et al.[27] developed the
model considering the effect of parasitic capacitance and D.
Christen, et al.[28] proposed the loss model in a half-bridge
configuration.  Nevertheless, the temperature-dependent
parameters [29] are not mentioned in these models and iterative
processes for solving equations are normally involved. The idea
of conservation of energy [30] has been applied to the losses
calculation which usually requires numerical calculation (e.g.,
Laplace transform [31] and state equations [32]).

As for the thermal performance evaluation, simple thermal
resistances between different layers are commonly used to
represent the heat transfer process for steady-state thermal
analysis and the junction temperature can be further computed.
For dynamic thermal analysis, thermal impedance is required to
be taken into consideration and the comprehensive thermal
analysis can be conducted using the finite-element method
(FEM) [33] with high accuracy. However, it is complicated and
numerous geometry data, as well as thermal material properties,
are not attainable for PE designers. Generally, RC thermal
network such as Cauer network [34] and Foster network [35]
are more widely used thermal models which can be transformed
into each other by mathematical method. By combining a
circuit simulator with a thermal model, several research efforts
on developing an electro-thermal model have been made in the
literature [36]-[38]. However, most of these models require the
use of proprietary software or external solvers to accomplish
the simulation, and convergence problem often exists.

To solve these issues, a comprehensive electro-thermal
simulation method for SiC MOSFETs in PE systems is
proposed in this paper. The commutation unit in Fig. 1 is
considered here, which is widely used as a basic switching cell
in PE systems. S; stands for SiC MOSFET and S, can be PIN
diode (Conf.1), SBD (Conf.2), or SiC MOSFET with/without
SBD (Conf.3/4). V44 and I, are the circuit voltage and current
respectively. It is an enhanced method of [39]. There are two
technical contributions in this paper.

1) A behavioral transient model of SiC MOSFETSs is
proposed in device simulation to reproduce the switching
transient waveforms using equivalent voltage/current source
with passive components. Moreover, the detailed switching
process is discussed analytically considering various
commutation units, the impacts of parasitics, reverse recovery
behavior of diode, and thermal-dependent parameters. The
parameter-extraction procedure is also introduced.

2) A multi-dimensional power loss look-up table (LUT) in
a wide range of operating conditions (e.g. voltage, current,
temperature) is generated by the device simulation using the
proposed SiC MOSFETs model. A PE system simulation using
a simple switch model is further implemented in PSCAD along
with the additional dynamic thermal network. The
instantaneous power loss of the device can be obtained by
power loss LUT and inputs to the thermal model, meanwhile,
the output temperature is influenced back to the PE simulation.

In this way, a closed-loop electro-thermal simulation is
realized. Both the power loss and thermal performance of SiC
MOSFETs in the PE system can be evaluated in the same
simulator. Besides, the nano-second (ns) and micro-second (us)
time steps are adopted for the device and PE system simulation,
respectively. Hence, a good tradeoff among accuracy, speed,
and complexity can be achieved.
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Fig. 2 Block diagram of the proposed simulation strategy.
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Fig. 3 Flow chart of the proposed simulation approach.

1. OVERVIEW OF SIMULATION STRATEGY

Providing fast and accurate power losses and junction
temperature estimation of SiC MOSFET in the PE system is the
primary objective of the simulation. Fig. 2 shows a block
diagram of the proposed simulation strategy which includes two
stages, device simulation, and system simulation. The flow
chart of the proposed approach is shown in Fig. 3.

In the device simulation, a clamped inductive switching
circuit in Fig. 1 is implemented in the Electromagnetic
Transients Program (EMTP) simulator (e.g. PSCAD/EMTDC)
using the transient model of SiC MOSFETSs for the switching
devices. According to the operating region of the targeted PE
system and the device datasheet, the model parameters along
with corresponding system operating conditions can be
obtained and set for the device simulation. The power losses of
SiC MOSFETSs including conduction and switching losses can
be further computed by integrating the product of the device
voltage and current. Generally, the switching transient time of
SiC MOSFETs is within a few hundred ns. Thereby, the
simulation time step is recommended to set 1 ns or less for the
reason of high accuracy. Since only several tens of points will
be simulated for one switching cycle, it will require a
reasonable computational time. By setting the range of the
desired operating conditions (junction temperature Tj, V44 and
I.) in PSCAD, the power loss LUT can be generated and
exported for further extension to system applications.
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In the system simulation, a PE circuit with a simple switch
model will be implemented in another simulation file with us
time step. At each switching action, the instantaneous power
losses (Pjoss) Will be computed through LUT interpolation
based on the instantaneous operating conditions (Vgq, I;,) as
well as T; from the additional dynamic thermal model.
Moreover, T; is also updated based on Py,ss. This closed-loop
simulation is a simple search method and mathematical
calculation, thus it will not significantly increase additional
computational time in comparison with the current method in
PSCAD that using two-resistance for switches.

I1. S1IC MOSFET MODEL DESCRIPTION

A. Behavioral Transient Model of SiC MOSFET

A behavioral transient model of SiC MOSFET in Fig. 4 is
proposed which consists of gate loop, MOS channel, and diode
parts. The lower side switch S; is SIC MOSFET and the upper
side switch S, serves as a freewheeling diode which can be
realized by the four configurations as mentioned previously.
Notice that Cgq1, Cgsq and Cqq4 are the junction capacitances
among gate, drain, and source nodes of S;, respectively. Based
on the realization of the switch S, and S,, the corresponding
equivalent parasitic capacitance (C.q) can be expressed as,

Cos > Conf.l and Conf.3

Ceq=1 Gt , Conf.2 , (1)

CosstCs , Conf 4
where C, is the output capacitance of SiC MOSFET and Cg is
the junction capacitance of SBD. Note that, C.q; equals to the
output capacitance of S; (C,ssq) for the case of single SiC
MOSFET as the switch S; in this paper. In addition, the drain
current (i) of S; can be expressed by,

g = lentiga +igs @
where i, igq and igs are the MOS channel current, gate-drain
current, and drain-source current, respectively.

The typical transient waveforms are shown in Fig. 5, which
includes two switching actions, turn-on (t,—t,) and turn-off
(ts—tg) [28]. The equivalent circuit for the voltage transition
period is also shown in Fig. 6. The modeling process is
illustrated in detail as follows.

1) Gate loop — the gate-drive voltage v is assumed to
switch between Vgof (€.9. -5V) and Vg,, (e.g. 20V). The
internal gate resistance Ry along with the external gate
resistance Ry forms the total gate resistance Rg. And the
nonlinear junction capacitance is represented by the input
capacitance C;ss with the equivalent voltage source v,;; for
miller plateau [40].

i
Vit = ﬁ + Vip- (3)

where vy, and gg, denote the threshold voltage and the trans-
conductance of SiC MOSFET respectively. i,,s is the total
current flowing through the SiC MOSFET.

The common source parasitic inductance L is also taken
into account which exists both in the gate loop and MOS
channel part for the reason of decoupling both parts.
Additionally, an equivalent voltage source v, is added in the
gate loop to represent the corresponding interaction effect.

d‘mOS
Les- ldt . (4)

VLes =

Diode :
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Fig. 4 (a) DPT equivalent circuit; (b) behavioral model of SiC MOSFET.
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Fig. 5 Typical waveforms during switching transient.

Fig. 6 Equivalent circuit during voltage transition.

2) MOS channel - an equivalent current source iy, With
the voltage source v, is used to represent the static
characteristic of SiC MOSFET. v, stands for the on-state
voltage drop which can be express as

Vmos = Rps(on) * I1» ®)
where Rpgony denotes the drain-source on-state resistance and
I}, serves as the load current of the circuit. Detailed derivation
of i,os Will be discussed in section I11-B. Besides, it is also
worthy to remark that all the stray inductances in the power loop
are lumped and represented by L¢ and the gate inductance is
neglected here for simplicity.
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3) Diode - the static characteristic of body diode can be
simply represented by the forward resistance R which can be
obtained from the diode I-V curve in the datasheet. In addition,
an equivalent current source i.., as expressed in (6), is
employed in this model to describe the reverse recovery
behavior of diode. When the forward current i becomes
negative and the reverse recovery process begins [39].

dip/dt t,t < tppy

e = t=trm . (6)

Ln-e e ,t >t
where T, stands for decay time constant. The reverse current
reaches the peak value I, at t.,. It should be mentioned that
the reverse recovery characteristic commonly exists in PIN
diode or body diode of SiC MOSFET, while majority-carrier
devices (e.g. SBD) can ignore the recovery time. In that case,

the junction capacitance C; is the main concern of SBD which
will be discussed in Section I11-B.

B. Switching Transient Modeling

Generally, the parasitic parameters such as inductance and
capacitance are inevitable in PE systems and it will have a
significant impact on the switching behaviors especially for SiC
MOSFET due to its fast switching speed. Hence, the effect of
parasitic elements is considered in the transient model and is
studied in detail. It is assumed that during the switching
transient, Va4 and I;, remain constant which is reasonable for
such a short switching period.

1) Turn-on process (to~t4) - Vgon is provided through R to
charge Cig, and subsequently the gate-source voltage vgs will
increase gradually. Once v reaches to vy,, the conduction
channel is built and i4 can be modeled as a current source iy,

which is linked by g and v,

lmos = Irs - (vgs = Ven). (7)

It is noted that L.s provides negative feedback from the
power loop to the gate loop which will introduce an extra
voltage drop v s due to the fast change of iy. As shown in Fig.
7, the slew rate of iy is influenced by L. and as a result, the
turn-on time and corresponding power losses will increase.

As so0n as i rise to I, vy Will be clamped at v,;; and an
additional current in (6) will be added to i, due to the reverse
recovery behavior of the upper-side diode. During the current
rising period, v4 is almost constant with a slight decline due to
the stray parasitic inductance Lg as shown in Fig. 8(a). Once i,
hits the peak I..,,, the voltage transition period begins and the
equivalent circuit is shown in Fig. 6. Thereby, vy Starts
decreasing as

dvgs/dt = —(Vg = Vmi)/(Cgar " Re)- )

As vy drops significantly, the special concern of the
effects of parasitic capacitances of both switches (Cq; and
Ceq2) are required to be considered. A displacement current will
be generated due to the charging and discharging process.
Based on the definition of output capacitance of S; (Coss1 =
Cga1 t+ Cys1), the corresponding capacitance current (iossq) €an
be expressed by,

loss1 = lga * las = Coss1 * AVqs/dt = Ceqq * dvgs/dt. (9)

During this period, vy is decreasing to vp,,s, meanwhile
Ceq1 Is discharged and, simultaneously, C.q is charged. Since
the voltages of these parasitic capacitances are clamped to Vy4,
they share the same absolute value of voltage slope (dvys/dt).
Applying Kirchhoff’s law to the drain node of S, iy can be
expressed as

lg = lmos = I +ipe — Ceqz “dvg,/dt. (10)
Combining (2), (9), and (10), the MOS channel current (i)
can be further obtained,
lch = Umos — loss1 = I, + ire — (Ceqz + Ceql) dvgs/dt. (11)
As a result, v,; will change accordingly as expressed by,
_ Iptire—(Ceq1+Ceqz)-dvgs/dt (12)

th = 975 + Utp.

Att, in Fig. 5, SiC MOSFET is fully turned on, and v
will continue climbing until it reaches V,,,,. The on-state device
is modeled as v, in (5).

ich
Unmit = g_fs + v
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2) Turn-off process (ts~tg) - The turn-off process is almost
the inverse sequence of the turn-on process. As the negative
Veorr IS applied at tg, v,¢ begins decreasing by discharging Cigg
and then v, starts to rise. Again, the displacement current will
occur resulting in a reduction in current accordingly.

Imos = I, — Ceqz “dvgg/dt. (13)
Once vy, rises to Vyq, the current commutation between
S,and S,begins and a resulting overvoltage V, is induced by
L. As shown in Fig. 8(b), this voltage spike can be significant
and even damage the device. Therefore, a proper layout design
to reduce L, or sacrifice the switching speed may be the
solution to mitigate this overvoltage issue.
Based on the above analysis, the expression of i,,,s of SiC
MOSFET can be summarized as,
0,45 < Vgn
imos = {gfs “(vgs — Ven), Vgs > Ven and ipos < if. (14)
I, = Coqz * Avgs /dt + i, dvyg/dt > 0

C. Thermal Dynamic Model

In a PE system, SiC MOSFET is typically mounted on a heat
sink which can be basically separated into four thermal layers
as shown in Fig. 9. The power loss heat energy generated from
the junction is transferred to the case and heatsink with a
thermal pad in between and eventually dissipated to the
ambient. For steady-state thermal analysis, this heat transfer
process can be represented by the thermal equivalent network
using thermal resistance between different layers and the
junction temperature of the power device Tj can be computed
based on the power dissipation P, and the ambient
temperature T, which is considered as constant here.

For modeling the dynamic thermal behavior of the device,
thermal capacitances are essential for forming a thermal
dynamic model with thermal resistance. RC thermal networks
in Cauer-type and Foster-type are commonly used. In essence,
the former is based on the internal physical layers of the device
and thus computationally complex to implement. While the
latter is a behavioral model and the thermal parameters can be
obtained from the device datasheet. In this paper, a thermal
dynamic model of SiC MOSFET based on both Cauer and
Foster RC network is developed and implemented in PSCAD
as shown in Fig. 9.

The Foster-type RC elements of thermal impedance from
junction to case Zj. can be initially extracted by curve fitting the
transient thermal curve in the datasheet.

t
Zjc = Xi=1 Reppi - (1 — e “enri), (15)
It can be noted that a 2" order Foster network is adopted in
this paper for simplicity. Thus the number of exponential terms
n equals 2 here and Ty, (Renri - Cenrp;) are time constants.
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Power loss heat energy

Rinct Rinca Ring Rina

Ploss —L
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T T
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Fig. 9 Thermal dynamic model.

A thermal pad (Sil-Pad® 400 [44]) as thermal interface
material is used and attached between the device case and
heatsink. The corresponding thermal resistance R,3; can be
obtained from the datasheet. In addition, an individual heatsink
from Wakefield-Vette (OMNI-UNI-27-25) is adopted, and the
thermal resistance and capacitance (R4 and Cy4) Can be
further obtained based on heatsink datasheet and the material
(Aluminum 6063-T5) data [45]. All the thermal-related
parameters are illustrated in Table I.

D. Model Parameter Extraction

The main parameters of the device can be extracted from the
device datasheet. As an example, the SiC MOSFET
(SCT2080KEC) from ROHM is selected, which is normally
operated at Vg4q = 600V and I;, varies in the range of [0A,
40A]. The parameter extraction is discussed in detail as follows.

1) MOSFET parameters - To describe the switching
transient behavior of SiC MOSFET, two key parameters (i.e.
Ven and ggs), are needed to be determined first. These two
parameters are generally assumed as constant values. However,
it is found that v, is a thermal-dependent parameter that can be
fitted by a quadratic function of T;,

ven(Tj) = kra T + kpp - Ty + ke,
where kr,, Kk, and ky are fitting constants.

Moreover, g¢ is nonlinear and related to the channel
current which has been given little attention in the literature.
According to the transfer curve from the device datasheet, i,,os
can be fitted by (17) and comparing with (7), g¢s can be further
derived as (18), where k, and ky, are curve fitting coefficients.

(16)

. 2
lnos = ka ’ (vgs - vth) + kb- (17)
9rs = Imos * vV ko/(imos — kp)- (18)

It is well known that the junction capacitances, namely
input, output, and reverse transfer capacitance (Cjss, Coss and
C.ss) Of SIC MOSFET, is a function of v4,. Besides, C¢ in SiC
SBD is associated with the reverse voltage. Based on that, all
the capacitances can be obtained by fitting the capacitance
curves in the datasheet by (19), where C,,, is the capacitance at
high voltage range and k,, K¢, , ke and k.4 are all fitting
constants which are listed in Table | for this case [32].

C=Cp+kea/U/key + Ude/kcc) . (19)

As mentioned before, the on-state device can be modeled
as Vmos Which is related to Rpg(ony and the drain current. It is
noted that Rpsony is also an important temperature-dependent
parameter that can be fitted by (20) from the datasheet, where
kg is the fitting constant.
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. kR
RDS(on) (’I}) = RDS(on) (Ta) ' (212;2) (20)
2) Body diode parameters - In the diode model, the forward
conducting and reverse recovery behavior of the diode are
considered. Note that the effect of reverse recovery current can
be ignored for the SiC SBD case as mentioned previously. The
reverse peak current I,,, and time constant t.. can be extracted
from the diode I-V curve and the charging curve in the datasheet
based on the equations given as [46],

1 ,
(Tre = nio (trr — L /(dif /dt)
Lm = \[Qrr  dip/dt (21)
trr =2 er/(dif/dt)
TABLE | KEY PARAMETERS OF SIC MOSFET MODEL
Parameter Value Parameter Value
Rgint 6.30 RDS(on) (Ta) 80mQ
kra 0.0000312 k1p -0.01217
ke 3.257 Rp 0.2140
Les 30nH Ly 50nH
k, 0.1314 ky -1.993
kg 1.396 Rins 113 KIW
Rina 5 KIW Cina 28.13 J/IK
Renr1 0.2366 Renca 0.2296
Renrz 0.2083 Rincz 0.2153
CenF1 0.2006 Cinct 0.0098
Cenrz 0.01026 Cencz 0.2102
Heat Capacity 0.900 J/(g'K) | Heatsink Density 2.7 glem®
C‘hv kca kcb kcc kcd
Ciss 2239 38.17 39.04 64.47 3.001
Coss 77 35.45 104.1 90.48 0.8351
Crss 16 26.47 68.47 96.76 2.279

3) Parasitic inductance - To accurately extract the parasitic
inductance from the device datasheet is rather challenging.
Often, only the parasitic inductance inside the semiconductor
module is given by the manufacturer. While the others such as
L and L. are dependent on the specific printed circuit board
(PCB) design and the corresponding device package which are
difficult to measure and can be computationally extracted by
ANSOFT or Maxwell Q3D [47]. In this paper, Lg and L are
initially estimated based on the PCB trace length of the power
loop and gate loop [48] as well as the device package (e.g. 2—
5nH for TO-247 [49]). If the experimental results of switching
transient waveforms are attainable, the parasitic inductance can
be further calibrated and determined approximately, which is
able to result in a good agreement between simulated and
experimental results. For example, it can be seen from Fig. 7
and Fig. 8, the simulated results with the condition of L¢ =
50nH and L., = 30nH matches well with the experimental
results comparing with other conditions. Therefore, the
inductance value can be estimated accordingly.

V. EXPERIMENTAL VERIFICATIONS

The key objective of the proposed approach is to evaluate
the power dissipation along with the thermal performance of
SiC MOSFETSs in a PE system simulation with acceptable
accuracy and relative fast simulation speed.

A. Device-level Verification

In order to characterize the semiconductor and further
validate the proposed transient model of SiC MOSFET, a DPT
setup in Fig. 10 is designed and implemented based on Fig. 1.

The device under test (DUT) is the lower side SiC MOSFET
(SCT2080KEC, Rohm), and the upper side device using the
body diode of the same SiC MOSFET as a freewheeling diode.
These two devices are placed on top and bottom sides
respectively to reduce the parasitic inductance. The driver IC
with the type IXDNG609SI is adopted as the gate driver
providing 20V/-5V drive voltage. One 0.1 Q current shunt
resistor (SDN-414-01) is inserted to measure the switching
current of the DUT. And vy, is measured directly by a high-
bandwidth passive voltage probe (TTP800). In addition, the
DSP-controlled thermal heater and cooling fan are implemented
for the operating junction temperature control. Also, the
temperature is monitored by a thermal imager (Tis40, Fluke).

Thermal —— — |
SiC MOSFETs
(Both sides)

-

Screw connector
for Inductor

driver
Current
Shunt Resistor

Fig. 10 Double pulse test setup.
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Fig. 11 Switching transient waveforms (a) S; turn on, (b) S; turn off @25°C.

1) Switching waveforms verification - The DPT simulation
results of switching voltage and current waveforms using the
proposed transient model in PSCAD/EMTDC are compared
with experimental results in Fig. 11 (a) for turn-on transient and
(b) for turn-off transient. It can be observed that during the
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current rising period, around 50V voltage drop of vy occurs
due to the impact of Ly and the additional overcurrent of iy
caused by the reverse recovery behavior of diode also can be
seen. During the turn-off period, the peak voltage of v4s can
reach 700V due to the voltage across Lg. Therefore, special
concern should be paid to reduce the parasitics in the PCB

design process. Generally, the results show that the dynamic
changes of voltage and current in simulation match well with
the experimental results which validate the accuracy of the
proposed model. However, it is also noticed that the current has
a ringing period due to the resonance of parasitics which is
ignored here for simplicity. Further investigation is needed.
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Fig. 12 Switching losses of SiC MOSFET in PFC application under different operating conditions (a) current, (b) voltage, (c) temperature.

2) Switching loss validation - The power losses of SiC
MOSFET is further evaluated for different operating
conditions. The simulated results in comparison with
experimental results are presented in Fig. 12. In general, by
using the proposed method, the power losses in a wide range of
operating conditions can be estimated with reasonable
accuracy. It is also found that the turn-on loss is more
significant than the turn-off loss, while the latter has fewer
changes than the former. The average error is within 10% and
the loss discrepancy increase for the high-temperature
condition. The main reason can be the ringing loss caused by
ignorance of the impacts of the resonance of parasitics and the
non-ideal recharging process of parasitic capacitance for
simplicity. Apart from the error of parasitic parameter
extraction, the thermal-dependent parameters (e.g. gg and
diode parameters) cannot be fully considered [50]-[51]. This
information is usually not available in the datasheet and further
investigations are needed.
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Fig. 13 Schematic of PFC application.
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Fig. 14 Measured system waveforms of PFC.

TABLE 1l KEY PARAMETERS OF PFC APPLICATION
Parameter Value Parameter Value
vs(rms) 120V,60Hz Uy 400-600V
L,&L, 1.03mH c, 453.33uF
R, 226.67-6800 fow 50kHz
5,&S, SCT2080KEC S;&S, C4D20120D
B. System-level Verification

In order to further validate the proposed approach for power
loss and thermal estimation in a PE system, a bridgeless PFC
converter [52] as an example in Fig. 13 is built and also
implemented in PSCAD using a simple switch model with an
additional LUT method and dynamic thermal model. This
designed PFC converter uses SiC MOSFETS as high-frequency
switches (S, and S,) paired with SiC SBD (S5 and S,) and runs
under different voltage and power conditions. The switching
devices are operated as the complementary pairs S;/S; and
S, /S, in accordance with grid voltage v,. In addition, two Pl
loops are employed and implemented in DSP to control the
output voltage v, and grid current i;. The PFC system are
tested and simulated under three different v, and resistive load
R,(Case 1: 400V, 267Q; Case 2: 500V, 400Q; Case 3: 600V,
680Q2). The key parameters are listed in Table Il.

1) Power loss estimation - Fig. 14 shows the steady-state
waveforms of the PFC converter for Case 1. It can be seen that
v, maintains at targeted 400V and i, synchronizes well with v,.
The SiC MOSFETSs cooperate well with SiC SBDs at half cycle
high-frequency  switching and half-cycle continuous
conducting. Notice that one-half positive grid cycle data is
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selected for conduction power loss computation. Since the
conduction current of S, is the same as i, when S; is on, thus
the corresponding conduction power can be obtained by the
product of i, and v4 for each on-state period. As the PFC starts
running and reaches the thermal steady-state, the conduction
power loss keeps changing due to the thermal-dependent
Rpscony - The conduction power results at 10s and 1200s
(considered as the thermal steady state) are measured
respectively and compared with the simulated results in Fig. 15
and Table Il1. It can be noticed that the proposed model shows
good reproducibility of the instantaneous conduction power. As
v, rises from 400V to 600V, the average conduction power
decreases accordingly due to the decrement of the current. On
the other hand, comparing the results at 10s and 1200s, a slight
increment of conduction loss can be observed which can be
explained by the positive correlation between Rpg(on)y andT;.
The average error is below 10% for various operating
conditions which verifies the accuracy of the proposed model.

TABLE 111CONDUCTION POWER LOSS RESULTS OF PFC APPLICATION

Condition Case 1 Case 2 Case 3
Time 10s 1200s 10s 1200s 10s 1200s
Measured 2.24W  3.12W  1.93W  261W  1.42W  1.94W
Simulated  2.41W 3.39wW 2.01wW 2.78W 1.51W 2.09W
Error 7.59% 8.65% 4.14% 6.51% 6.33% 7.73%
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Fig. 15 Conduction power results of PFC at 10s for Case 1.
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Fig. 16 Simulation results of PFC circuit for Case 1, (a) Overall system
performance, and (b) Detailed power loss waveforms.
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Fig. 19 Transient temperature estimation of SiC MOSFET in PFC circuit.

Also, the simulated results of overall system performance,
as well as detailed power loss estimation, are demonstrated in
Fig. 16. Note that the computed average power losses of SiC
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MOSFET in one switching cycle (P,y,) rises to steady state in
accordance with v,. Moreover, the detailed losses breakdown
of the device including conduction, turn-on, and turn-off losses
can also be predicted during each operation cycle and updated
based on the instantaneous operating conditions. Since all the
power loss data are pre-obtained from the power loss LUT of
the device simulation, the accuracy of the power losses within
the available operating range can be promised. It should be
mentioned that this additional loss information will not affect
the electrical circuit simulation.

2) Thermal performance - To evaluate the thermal
performance of the semiconductor, the dynamic thermal
network is implemented in PSCAD for electro-thermal
simulation of PFC application. As shown in Fig. 17, each
switching device is attached to the heatsink individually by the
thermal pad and the transient junction temperature of SiC
MOSFET which is usually the hottest spot is monitored by the
thermal imager. Fig. 18 gives the thermal image of the
semiconductor devices in the PFC converter at 20 minutes
(1200s) running time for Case 1. It can be seen that SiC
MOSFETSs have much higher junction temperature up to 100 °C
than the SiC SBD which means the losses of high switching
frequency devices are more significant and thus are of particular
concern for device selection and thermal management.

Furthermore, the transient junction temperature of SiC
MOSFET in the PFC converter is also simulated in PSCAD and
compared with the experimental results in Fig. 19. It can be
observed that the temperature for various cases increases
gradually from the same ambient temperature (25°C) and reach
different steady-state values at 1200s due to the power loss
difference. In addition, the simulated results are generally in
good agreement with the experimental results for various cases
which verifies the accuracy of the proposed method. The
average error at 1200s is within 5% and the simulated thermal
trajectories slightly deviate from the experimental results. The
reasons can be the underestimation of thermal capacitance as
well as the power losses in the low current range.

C. Discussion

1) Applicability - The proposed model is applicable to an
EMTP simulator with programmable functions for device
simulation under various operating conditions. In addition, the
proposed model can be used to estimate the losses of the four
types of commutation units in Fig. 1. Further modifications are
needed when it extends for other semiconductor devices, such
as Si IGBT and Gallium nitride (GaN) transistor. The switching
behavior of the BJT and tail current effect in IGBT as well as
the reverse conducting characteristic of GaN should be
considered respectively. However, the parameter extraction and
simulation strategy are still applicable. Besides, the power loss
database used in the PE systems simulation can come from the
device simulation using the proposed model, other device
simulators (e.g. SPICE-like software), or measurements.

2) Efficiency - In general, there is always a tradeoff
between accuracy and speed. A reasonable accuracy of power
loss estimation requires a complex device model considering
lots of parasitic elements and thermal effects with a relatively
small simulation time step (e.g. 1ns). However, with such a
small time step, it is difficult for the PE systems simulation to
run until the steady-state resulting from the out-of-memory

issue or time-consuming problems. To evaluate the efficiency
of the proposed method, a simulation comparison of different
methods is conducted for the PFC converter as illustrated in
Table I1I. As noticed, the simulation in LTspice using device
model from manufacturer is running at 1ns time step instead of
1us due to the convergence problem. As a result, it is capable
of obtaining accurate loss information by sacrificing much
more time for simulating only 100 ms in comparison with the
same simulation in PSCAD using the proposed method and
simple-switch model. Since the simple-switch model only uses
two-state resistance to represent the switching device, the
average power losses thus are much lower than the other two
methods due to the missing part of switching loss. Concretely,
by using the proposed method in PSCAD, both fast simulation
speed and acceptable accuracy of power estimation can be

achieved with additional transient temperature information.
TABLE 111 SIMULATION COMPARISON OF PFC APPLICATION
Quad 3.60GHz Intel

Core i7-4790, Casel Case 2 Case3
RAM(8GB)
Simulator | Time | Time | Pwg | Time | Pg | Time | Fayg

step ©) W) G W] 6 w)
Simple-
switch in lus 10.6 2.37 10.3 1.96 10.8 148
PSCAD
Proposed
method in lus 11.2 3.82 10.9 3.66 114 3.36
PSCAD

Device
model in | 1ns | 12866 | 3.93 | 12466 | 3.71 | 13191 | 3.67
L Tspice

V. CONCLUSION

In this paper, an electromagnetic transient simulation
methodology for power loss and junction temperature
estimation of SiC MOSFET in PE applications is designed,
implemented in PSCAD/EMTDC, and Vvalidated by
experiments. In device simulation, a behavioral transient model
of SiC MOSFET is developed to generate the device power loss
table. This model provides insight into the impacts of parasitics
and the interaction between the diode and SiC MOSFET in the
switching process. In addition, the parameter extraction from
the datasheet is also investigated in detail. The switching
waveforms and power losses results in device simulation are
consistent with the DPT test results (the average error is around
10%). Furthermore, the bridgeless PFC system simulation is
carried out using a simple-switch model along with power loss
LUT and the dynamic thermal model. Eventually, the
instantaneous average power losses of SiC MOSFET as well as
the switching losses and conduction losses for each switching
cycle can be predicted. Moreover, the simulation results of the
transient junction temperature are in good agreement with
measurements in a wide range of operating conditions. In
comparison with various models and simulators, the proposed
approach shows better reproducibility of the transient power
losses indicating its advantage of fast simulation speed as the
simple-switch model and comparable accuracy with device
model from the manufacturer.
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