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Temperature-Dependent Reverse Recovery
Characterization of SiC MOSFETs Body Diode for
Switching Loss Estimation in a Half-Bridge

Debi Prasad Nayak
Manish Kumar

Abstract—In a hard switched MOSFET based converter, turn-ON
energy losses is predominant in the total switching loss. At higher
junction temperature the turn-ON energy loss further increases due
to the reverse recovery effect of the complementary MOSFETs body
diode in a half-bridge configuration. Estimation of the switching
loss under different operating conditions at an early design stage
is essential for optimizing the thermal design. Analytical switching
loss models available in literature are generally used for estimating
the switching losses due to its accuracy and simplicity. In this
article, the inaccuracy in the reported loss models due to non-
inclusion of temperature-dependent reverse recovery characteris-
tics of body diode, is investigated. A structured method to determine
the temperature-dependent switching loss of a SiC MOSFET in a
half-bridge is presented. A simple methodology has been proposed
to analyze the carrier lifetime’s temperature dependencies of a
SiC MOSFETSs body diode. Device parameters from a 1.2kV /36 A
SiC MOSFETs datasheet are used for developing the loss model and
experimental validation of the model.

Index Terms—Double pulse test (DPT), half-bridge, reverse
recovery, SiC MOSFET, switching loss, temperature.

I. INTRODUCTION

ILICON carbide (SiC) MOSFETSs have increasingly become
S popular as a replacement for silicon (Si) based insulated
gate bipolar transistors due to its superior physical and electri-
cal characteristics [1], [2]. Despite the improved performance,
switching, and conduction losses are the major loss contributor
in a power semiconductor device. The efficiency of power
conversion further reduces at high ambient temperature, as
the junction temperature (7}) increases with the increment of
heatsink temperature (7};), which is common in automotive and
grid-connected converters. The maximum ambient temperature
in such applications typically ranges from 40 to 50 °C for
grid-connected converters and 85 to 100 °C for automotive-grade
converters. Therefore, the accurate estimation of semiconductor
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losses in such high-temperature environment is essential for
evaluating the efficiency and optimizing the cooling system for
overall power density improvement. This article’s primary focus
is to model and accurately estimate the temperature-dependent
switching losses of SiC MOSFETs in a half-bridge, which is the
most commonly used building block for de—dc/dc—ac converters.

In the overall loss of a converter, the conduction loss can be
calculated using the temperature-dependent parameter (Rps),
available in the datasheet. To accurately estimate the switching
losses, different approaches are described in the literature [3].
Among these, the most commonly used methods are physics-
based models, numerical models, behavioral model, and ana-
Iytical models. In physics-based models, physical device data
for SPICE modeling and field expertise are necessary [4], [5].
Although physical models are accurate enough, it is hindered by
the fact that many of'its physical parameters are not present in the
manufacturer datasheet. In numerical models, simulation tools
like SILVACO and TCAD are being used. These simulation tools
provide very accurate results, but these tools require material
properties, device geometry, and are very computationally inten-
sive [6]. Behavioral models are the simplest model, and its solu-
tion is dependent on a couple of nonlinear equations, which are
based on curve fitting parameters [7], [8]. In analytical models,
device characteristics are divided into different segments, and
governing equations are being derived and parameterized based
on datasheet parameters [9]-[11]. In this article, the model pre-
sented is a combination of both behavioral and analytical model.

The main problem in estimating the switching losses comes
from modeling the nonlinear parasitic capacitances and the
temperature-dependent reverse recovery loss (E;) of MOSFETS.
Efforts have been made in [11] and [12] to consider the nonlin-
earity of the junction capacitance either by two-point or mul-
tipoint approximation through curve fitting approach. Further-
more, a voltage-dependent capacitor model is derived in [10] and
[13], and a charge equivalent capacitance model is given in [9] to
reduce the models’ complexity. Switching performance analysis
for different MOSFET technologies at different temperature has
been given in [14]; however, an analytical model for estimating
the MOSFET switching energy loss is not presented. The F; has
a substantial loss contribution in the turn-ON energy losses ()
from the total energy loss (Fiy) of an SiC MOSFET. As the
T} increases, due to the temperature-dependent charge carrier
lifetime of the body diode, E\, increases, which in turn increases
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Fig. 1.
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(a) DPT circuit with circuit parasitics. (b) Switching waveforms in

E,,, whereas the turn-OFF energy loss (E) remains constant.
Hence, in this article, estimation of F,, has been emphasized
more. Although many analytical models are present in the liter-
ature, the effect of 7); on E, is not taken into account for calcu-
lating E,,, of the MOSFETS. So, at higher 7T, the above-mentioned
analytical techniques from the literature become erroneous. In
this regard, this article makes the following contributions.

1) The temperature dependent time constants of the body
diode has been considered for developing the analytical
model for estimating F,.

2) The parameter extraction routine for the body diode time
constants has been described.

3) The impact of parasitic capacitance on the reverse recov-
ery process of the body diode has been discussed.

The rest of this article is organized as follows. Section II
describes the model parameters used, and Section III describes
the switching segments during turn-oN with the effect of tem-
perature on reverse recovery of the SiC MOSFETs body-diode.
Section IV describes the experimental set-up and discusses
experimental and analytical results. Finally, Section V concludes
this article.

II. MODEL PARAMETERS

In the conventional MOSFETS loss estimation technique, a
closed-form solution with a linear approximation of voltage
and current is given for easy calculation [15]-[17]. However,
this method does not consider the effect of circuit parasitics and
temperature, which results in inaccurate estimation of losses.
Given the high switching rate of the SiC MOSFETs, consideration
of the effect of parasitics and temperature becomes crucial to
remove these inaccuracies. This section introduces to the circuit
parasitics and the data extraction process from device datasheet
for describing the governing equations during the switching
intervals of the DUT.

A. Passive Parameters

The circuit diagram, with its parasitics, is shown in Fig. 1.
The gate resistance Ry and dc bus parasitic resistance R
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curves.

Coss and Cygg for CREE C2M0080120D SiC MOSFET and their fitted

(Rp = Rp1+Ry2) are included in this model. The parasitic
inductances present in the circuit are Lp, L4, and L. Ly
(Ly = Ly,1+Ly 2) is the dc bus inductance. Ly, L are the drain
and source lead inductances of the SiC MOSFETS, respectively.
The parasitic capacitances considered in this model are the
gate—source capacitance Clgg, drain—source capacitance Cys,
gate—drain capacitance Cgq of the SiC MOSFETs and the load
capacitance C7..

Typically, the capacitances values provided in the device
datasheets are input, output, and reverse transfer capacitances
(Ciss» Coss, and Cig), which are voltage dependent and can
be modeled as per (1) [10], and the average charge equivalent
capacitances can be determined as per (2)

CO xT
Co(Vis) = - (D
(1 + qu) + by
Qg
1 Vbe
Crav = — Cy (vds)dvds 2)
’ Ve Jo

where = = iss,0ss,1ss, and C, . is the capacitance value at
Vs equals to zero. a, and b, can be found out by fitting the
capacitance (C', versus Vgs) curves provided in datasheet [18].
Ciss need not be fitted as its value remains almost constant with
respect to Vgs and can be directly taken from the datasheet. Fig. 2
shows the fitted curve of C\ and Cs of C2M0080120D SiC
MOSFET [18]. From these capacitances, the MOSFETs terminal
capacitances can be calculated as

C(gs = Ciss — Crss
Cds = Coss - Orss
ng = CVrss- (3)

B. Transfer Equation

During switching transition, the MOSFETs mainly operates
in three regions: 1) cut-off region, 2) saturation region, and
3) ohmic region. For estimating the switching energy loss of
the MOSFET, channel current 7., during saturation region is
considered.

In the saturation region the transfer characteristics of a MOS-
FET is given in its datasheet for a given temperature and can
be expressed per (4). The current transconductance factor g,,
depends on i, and can be expressed as per (5) [19]. Due to the
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Fig. 3. Transconductance (g,,) characteristics of SiC MOSFET

C2M0080120D.

dependency on temperature, g,, changes as T} increases (see
Fig. 3). The effect of T; on V4, can be expressed as per (6)

ich = k1 [Ugs - lh(Tj)]w + ko 4)

. . k1ig,
m\lch) = \/ = < 5
g (Z h) Teh — k2 ( )
Via(T}) = T} + bT; + c. ©6)

Here a, b, c, k1, ko, and x are the curve-fitting parameters.
The values of these parameters are 29 x 1075, —15 x 1073, 4.9,
195 x 1073, 0, and 2.5, respectively, for C2M0080120D.

III. SWITCHING CHARACTERIZATION AND DISCUSSION

This section introduces the switching process of the MOS-
FETs (1 and ()2) in a half-bridge configuration represented in
Fig. 1(a). The lower MOSFET ()5 is considered as the DUT.

The double-pulse test (DPT) has been divided into three parts
as per Fig. 1(b). At the first turn-ON event, the voltages across
@1, Q2 are zero and Vg, respectively. When the ()5 is being
turned ON the parasitic capacitance Cogs 2 of (2 discharges and
the Coss,1 of @1 charges. The current that flows through the
MOSFETs in the first turn-ON event is due to the MOSFET’s parasitic
capacitances, which experiences a dVys/dt across it. At the first
turn-OFFevent of (2, I 4o starts to fall and Vo starts to rise while
charging its Cogs 2. The load current Ijo,q starts to transfer to the
body-diode of ()1 and Vg starts to fall while discharging its
Coss, 1. In the second turn-ON event of (2, Ijoaq Starts transferring
from @, to @2 and during this, in addition to the capacitive
current, reverse recovery current of (J; increases the turn-ON
loss of Q2. This turn-ON loss increases significantly with the
increase in T; due to reverse recovery current of the body diode
of ()1, which is explained in Section III-B.

A. Turn-ON Transient

Under hard switching conditions, contribution of turn-ON loss
FE,, in the total MOSFET switching loss Fi, is significant. How-
ever, I, increases as T increases, so the effect of temperature
must be included in the loss estimation. A detailed interval wise
turn-ON process can be seen from Fig. 4.

1) Interval O (Delay Time): This stage starts with increase
in gate voltage Vs o from negative gate bias voltage Vgg to
threshold voltage V;;, with a time constant of Ry (Cgs + Cgd n).
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Fig. 4. Turn-ON process MOSFET @ and Q2 in a half bridge.

This interval is known as turn-ON delay time ¢4 on. In this interval
as Vs 2(t) < Vi, there is no drain current I, in MOSFET Q2 and
all the I, flows through the body diode of MOSFET (). The
voltage across the Vy, o remains at Vye + Vig.

—t
Ugs (t) = VCC + [VEE — VCC]eRQ (Cgs + ng,h)

Vee — VEE

Ty = s In—————.
b= Ry(Cos +Coan) nVcc—Vth(Tj)

(N

2) Interval 1 (Current Rise Time): In this interval, as vy, (t)
crosses the Vi, Q2 channel current I o starts to rise to paq. In
this interval I ;o remains equal to /.o and the Vo drops to Vg +
Viar — Vip,on- Voltage Vi, on = (Lp*L100a)/Th is the addition of
voltage drops across Ly, Lg, and Ly (where L, = Ly + Lg +
Ly). The dynamics of the gate voltage, time duration, and the
energy loss in this interval are expressed in (8). The dVyq/dt
and dVys/dt does not change significantly in this interval, so for
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simplicity, these can be assumed to be zero.

ot
’Ugs(t) - VCC + [Wh(TJ) — VCC]eRngs+Lsym(Tj)

T = ‘ — (RgCgs + Lsgm(T;))In

Iload

(- ey |

1
Eon,l = §T1(‘/dc + Vfdl - VLp,on)Ilnad-

®)

3) Interval 2 (Storage Time): At this interval [4o continues
to rise above [jpag t0 ljoad + L. Due to the reverse recovery
of MOSFET (1, Vasa stays at Ve + Va1 — Vip.on. The circuit
condition does not change from interval 1, but the time duration
T5 changes with respect to the Ij,,q and T};. The detailed working
process of MOSFETs body diode in this interval with [j,q and Tj
dependencies is explained in Section III-B. The energy loss of
()2 in this interval can be expressed as

1
E0n72 - (V:ic + Vfdl - VLp,on) (Iload + 21rr> T2- (9)

4) Interval 3 (Voltage Fall Time): After the current I (¢) in
the body diode of MOSFET () reaches to I,.,, it starts to block
the voltage V51 across it and simultaneously the V45 across Q2
starts to fall. Here, as Vg starts to rise, the parasitic capacitance
Coss1 starts to charge and the parasitic capacitance Cggo starts to
discharge. The charging current of Cigg; is termed as /1 and the
discharging current of Cgs is termed as Ico. Due to Cgqy dis-
charging, the voltage V.- in this interval stays at miller plateau
voltage V1. The net current which flows through the channel of
MOSFET Q2 is Ieho = lioad + Ic1 + Lo + Lpe™ 7120/ (de-
tails about 7., is given in Section III-B). If both the MOSFET (01
and (), are same then the parasitic capacitance across it can be
considered to be same, so I = Ico = I¢. For calculating the
energy loss in this interval, 7., has been divided in to two parts:
firstis due to [ioaq + 27 and the second is due to I,.,.e~(t=12)/Trr
The capacitive current /o can be found from the quadratic
equation given in [9] as

—By + /B —4A:C;
Io =

10
SA, (10)
where
—2L
Al = =
! QCRg
Cosa 2
B — gda,av +
! ng,(w + C1ds,a'u Im (Tj)Rg
o, = Voo =Vin(Ty)  lioad
Ry Rygm(T;)

I is being determined through numerical iterative method,
as g, changes according to i, and T7. So, the iteration process
will continue until the error in the calculation of I~ becomes
negligible. Q¢ is the net charge stored in the parasitic output
capacitances of Q1 or ()2 (as the identical MOSFETs will have
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same charge storing capacity) and can be written as (11). The
duration in which V45 fall depends on the effective discharging
time of the parasitic capacitance and is given as

QC = V;lccosslav (11)
7, =92 (12)
Ic

The total energy loss in the MOSFET () in this interval can be
written as

1

Eon,3 = i(Iload + 216')(‘/:10 + Vfdl - VLp,on - Vds2,0n)T3
+ (Iload + 2IC’)Vds2,onT3
+ Trrlrr[(‘/dc + Vfdl - VLp,nn)(l - 6(7T3/T”))]
+ TrrIrr(VdSQ,on — Ve — Vfdl + VLp,on)
[(Tr/T3) (1 — e T8/7rr)y — (= Ts/Ter)] (13)

5) Interval 4: This interval starts when MOSFET () enters
from saturation region to ohmic region. The gate voltage Vg
starts rising from Vi to Ve and the Vygo remains at Vigo on,
hence this interval can be neglected from the switching interval.
The energy loss in this interval can approximated as Fo, 4 ~
Vas2,onlaeTa, where Ty ~ 2R (Cys + Cas2,1). From the five
turn-ON switching intervals, interval 0, 4 remains in the cutoff
and ohmic regions. In intervals 1, 2, and 3, the SiC MOSFET
remains in saturation as in this interval Vg > vy and Vg >
Vgs — Vin. Therefore for calculating the total turn-ON energy loss,
switching intervals 1, 2, and 3 are being considered and can be
written as

Eon,tol - Eon,l + Eon,2 + Eon,3' (14)

B. Reverse Recovery Loss Model

This section describes the reverse recovery process of the body
diode of the SiC MOSFET. The time duration during this process
increases with respect to T); and [j,q. Therefore, to estimate
the time period during reverse recovery, the silicon power diode
model from [20] and [21] has been improved by including tem-
perature dependencies for higher accuracy under different 7’
further, the impact of capacitive displacement current I.;(t) due
to the parasitic capacitance has been discussed. For developing a
comprehensive MOSFETs body diode model, the behavior of the
body-diode during turn-OFF needs to be analysed first. Fig. 5(a)
shows the behavior of a 36 A/1.2kV SiC MOSFETs body diode
during turn-OFF at different 7.

The reverse recovery process starts when the current through
the diode starts to flow in the negative direction. The rate at which
body-diode current I (t) falls below zero, dl;;/dt depends
on the circuit stray inductance L, and the applied reverse bias
voltage V51 across the MOSFET. As the diode current enters into
the negative region, the excess charge carriers present in the
junction starts to reduce while the 7, starts to fall toward the
negative peak of the reverse recovery current I,.,.. This region
from t; to ¢, termed as storage phase. After the excess charge
carriers become zero at t5, depletion region starts to form and
the reverse voltage across the diode starts to rise at the rate of
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Fig.5. (a) Reverse recovery of C2M0080120D at different T’;. (b) Capacitive

displacement current I..j(t) of Q1 (at no-load) under different T’ at first DUT
on instance.

dVgs1/dt. Time period from ¢, to 5 is termed as recovery phase
(see Fig. 4).

After 1o, as Vi, starts rising toward Vi — Vg2, 0n, parasitic
capacitance across the body-diode C'; = Cys1 + C) begins to
charge and . (¢) starts to flow. The magnitude of I..; (¢) depends
on the rate of dVgs /dt. Time duration from o to ¢, is termed
as the voltage-rise phase. The reverse-recovery characteristics
in the voltage-rise phase depends upon two currents: actual
body-diode reverse recovery current due to the depletion region
formation I,q(t) and I ;(t). After t4, I4i(t) reaches to its
leakage current Ij;, level. The I,,4(¢) during the entire reverse-
recovery phase can be written as

Vas1

Iload L, t, t <ty
(t—tg)
Ibd(t) = - rr67 T”2 - ch(t)v t2 S t S t4 (15)
Ilk ~ 07 t> t4.

To further describe the dynamics of the body diode and to
find out I,,. for any operating conditions, three time constants
are introduced as [20]: drift region transit time 7}, charge carrier
life time 7., and time constant of decay fall 7,,.. These are
inter-related as per (16). From these time constants, /., can be
calculated by solving (17) numerically for 75

1 1 1
_—_ == — 16
Trr  Te * T (16)
Iload
T | Lioad — T(Tl +15)
1
—(1h + 1)
o Lo
= Te | =12+ 7. — Tce Te a7
T

As the T} increases, these time constants tends to change.
Hence, the proposed extraction method in [20] to find out [,.,. is
not applicable for varying T;. So, an equivalent reverse recovery
charge model is presented to find out the time period 75. The
total reverse recovery charge @, is calculated as per (18). This
Qrr combines both the reverse recovery charge (J;,., which is
due to I1,q(t) and the capacitive charge )..; due to I..;(¢) through
parasitic capacitance C;. As T} increases, the magnitude of /.,
increases. Due to I,.., ), also increases, but the ().; remains
constant, as I.;(t) does not change with respect to temperature

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 37, NO. 5, MAY 2022

[see Fig. 5(b)]

Q= / Toa()dt (18)
I41(t)<0

QT‘T = Q:«r + ch (19)

Lo (t) = Ina(t) + Le;(t). (20)

I.;(t) can be approximated as per (21) [22], which remains
constant for period 75 time period. The capacitive charge Q) .;
can be found out from the first turn-ON instant of DUT as per
Fig. 5(b) by finding the area under the curve or from the datasheet
parameters as per (21). At this instant the net (), is only due
to QQ.;, as the Iy (¢) prior to this instant is zero. From Fig. 5(b),
Q.; can be experimentally calculated as per (18).

dVdsl

1,
dt

i (t) =Cj

ty
qu/ L, (t)dt. @1

to

To find out the temperature-dependencies of ..., DPT at
different T; needs to performed, from which @}, can be cal-
culated as per (19). In some manufacturer datasheet @, at two
temperature are given which can be directly used to find out

»-. The time constant of decay fall 7,., only depends on the
I, and the relationship between 7., and ()%, can be written as
(22). Here, it is assumed that after 7., time, the contribution of
Tpa(t) in I4(t) is negligible as per Fig. 4
(22)

Qr, =051, ( Iy + TTT) .

I, /dt

To determine the 7., 7,,,, and 7,.,. for any arbitrary operating
conditions (16), (23), and (24) need to be solved numerically

1
IT?”: - lrr 1-— “Tu/e 23
R )( c ) 23)
I
(7o 4+ Trn) =72, (1 — e T2/ 24
Ty e Tm) T"( ¢ ) @4

IV. RESULTS AND DISCUSSION
A. Experimental Setup

To study the effect of reverse recovery and switching energy
loss at high T, the DPT has been carried out at 600 V dc bus
voltage and load current till 25 A. The experimental results are
taken for the validation of the temperature-dependent loss model
proposed in this article. An SiC MOSFET C2M0080120D rated
at 1200V and 36 A [18] is used for the half-bridge in the DPT
setup.

For the gate-driver circuit, an isolated dc—dc converter with
an output of +20/—5V and an optoisolator ACPL — 337]J are
used. A total of 9.98 () resistance is used as gate resistance 2,
for the MOSFETs. Low ESL dc link capacitors are being used
near the half-bridge to reduce the dc bus inductance. A single
layer air core inductor with an inductance of 475 pH is used as
a load inductor.

Measuring the switching transients of the SiC MOSFETS re-
quires a high bandwidth measuring probes. As per [23] and
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TABLE 1
CAPACITANCE CURVE FITTING PARAMETERS

Capacitance Co ay ba
Cose 1040 pF | 3 | 125
Cros 3442 pF | 0.09 | 125

[24], the effective bandwidth (fer) of a slope signal can be
expressed as per (25). For the accurate measurement, the system
band-width should be at least three times higher than the f.g

035
min(trise, tran)

fest (25)

A passive differential voltage probe (P5200A) and a current
probe (TCPO030A) from Tektronix are being used to measure
the switching voltage and current transients. The heatsink was
preheated before conducting the DPT at different temperatures
until it reached a thermal equilibrium state to measure the
switching performance. It is assumed that, under the thermal
equilibrium state, the 77 is equal to the Tj. T}, is continuously
monitored by a thermocouple temperature probe Fluke 8O0BK-A,
and to further increase the accuracy of the reading, infrared
thermal camera Flir E63900 is being used Fig. 6.

Switching energy loss estimation is very sensitive to voltage—
current timing misalignment. The propagation delay between
the two probes is known as skew. So, for accurate measurement,
voltage, and current probes need to be properly de-skewed. A
resistive DPT has been conducted with a low inductive 30 (2
resistor to verify the propagation delay time for each measuring
probes.

B. Parameter Extraction

The parameters used in the loss model are extracted from the
SiC MOSFETs datasheet and from the experimental results.

For calculating the transconductance g, (i), curve fit val-
ues based on the transfer characteristics from the datasheet of
C2MO00801120D are being used as per (5). The datasheet and
the fitted curves at two different 7 are shown in Fig. 3. It can
be seen that as the 77 increases from 25 to 150 °C, Vi, decreases
from4.5t0 3.3V.

For extracting the nonlinear capacitance values, (1) is used to
find out the average capacitance values for saturation region. The
maximum and minimum values of the capacitances are used for
ohmic, cutoff regions, respectively. The curve fitting parameters
and the extracted values are tabulated in Tables I and II.
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TABLE II
NONLINEAR CAPACITANCES
vgs < Vin vgs > Vin vgs > Vin
Conditions Vis > Vgs — Vin Vas > Vgs — Vin Vis < Vgs — Vin
Cutof f Saturation Ohmic
Cya Cya,1 = 8pF Cyd,av = 12pF Cya,n = 500pF
Cas C4ds,l = T2pF Cs,av = 111pF Cys,n = 540pF
45 350
= Tc . ~ = Qr i
401 o Tm . 23001 o Qq
,g 35 hd :250 el
] 1 52501
2 o 4 i
~ 304 ] & 200+
S % A
= 254 1 E£150
5 o ° ° °
20 {1 =100 u
o
154 e R 501 =
20 30 40 50 60 70 80 90 100110 20 30 40 50 60 70 80 90 100110
Temp (°C) Temp (°C)
(a) (b)

Fig. 7. (a) Variation of T3, and 7. with respect to 7. (b) Variation of Q-,,
7 and Q.; with respect to T (Vge = 600 V and Ry = 9.98(2).

The dc bus inductance is calculated from the voltage drop
VLp,on in Vgsa due to the parasitic inductances from the turn-ON
switching waveform as shown in Fig. 9(d). The total path in-
ductance is found out to be 66.21 nH (L, = (V1,00 ™11 )/ T10ad))-
The influence of Lo is more on the switching transients and
hence needs to be subtracted from the total path inductance
and considered separately. In this article, the value of Lo is
considered to be 9 nH [25], [26].

The extraction of fitting parameters for @), and )7, are done
atT; = 25,50 and 100 °C. Further to see the effect of load current
on dl 41 /dt during the fall time, 14 is varied from O to 25 A as
per Fig. 8(a)—(c). From all the test conditions, it is observed that
dI4/dt approximately remains constant at 880 A/us. It can
be observed from Fig. 8(a), at lower temperature (7; = 25 °C),
during the storage phase the change in dl4; /dt is not significant
with respect to load current. However, at higher temperature
(T} = 50 and 100 °C) it can be observed from Fig. 8(b) and (c),
that dl 1 /dt does not remain constant throughout the storage
phase with respect to load current and tends to change before
it reaches to peak reverse recovery current (/,-.). The change in
the dl,1/dt during storage phase is termed as dI}, /dt, and it
increases with respect to 7. Further, as per Fig. 5(a), at higher
T}, Vas1 starts to rise before the body-diode current reaches to
I,... This phenomena increases the reverse recovery loss at a
higher temperature. For simplicity, in this article, it is assumed
that Vg1 rises after the [, reaches to its peak at ¢ as shown in
Fig. 4.

The body-diode’s time constants 7. and 7, are found out as
per the discussion in Section III-B and are shown in Fig. 7(a).
The increment in 7. and 7},, with respect to T increases rapidly
at lower temperature range but tends to reduce at higher temper-
ature Fig. 7(a). The change in @, @}, and @).; with respect to
temperature is shown in Fig. 7(b). The dynamics of 7. and 73,
and @, from the experimental results can be expressed as per

Te(nSec) = 041T]’-81 +m

Tin(nSec) = axT)? + s (26)
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Fig. 9. (a) Igo fall transition at T; = T}, = 25°C. (b) Iqo rise transition
at Tj = Ty s = 25 °C. (c) Ve rise transition at different load current under
Tj = Ths = 25 °C. (d) Vyeo fall transition at different load current under 7); =
Ths = 25°C (Ve = 600V, Tipag = 5-25A and Ry = 9.98 Q).

TABLE III
BoDY-DIODE TIME CONSTANT FITTING PARAMETERS

[} B ol
Parameters R R Ry
9.980Q 2092 9.98Q 2092 9.98Q 2092
T.(nSec) -447.6 -3.842 | -0.04924 | 0.6128 398.9 -9.401
T (nSec) -2.074e6 -1799 -3.55 -1.059 39.12 75.85
Qrr(nC) = mTj + 1
*
QTT(HC) = mgTj + ca. (27)

It should be noted that @, and ()}, at any given T} also
depends upon the R,. As R, increases, dI1 /dt and dVys /dt
decrease. Due to this the I,.,., Q,., and @) ; decreases. The curve
fitting parameters at R, = 9.98 2 and 20 2 for (26) and (27) are
given in Tables IIT and IV, respectively.

C. Energy Loss Verification

The loss estimation model presented in Section III is used
for computing the turn-ON energy losses at different operat-
ing temperatures (7; = 25, 50, and 100). The experimental

(a) Reverse recovery current 11 at 25 °C. (b) Reverse recovery current at Iq1 (¢) at 50 °C. (c) Reverse recovery current at 141 (¢) at 100 °C (V. = 600V

TABLE IV
REVERSE RECOVERY CHARGE FITTING PARAMETERS

m (&
Parameters R Ry
9.98Q2 20802 9.98Q2 2002
Qrr(nC) 2.101 2.155 127.3 100.8
Q::T(nC) 2.101 2.155 2.54 -9.155
900.0p | [ Eoff ! ! i
[ Err
800.01 - | Eon* u:é
700.0u 1 ¢ % 156:52u
o 151.67u  LWLJ (20.75%) A
600 0“ | ow (21.21%)
—~ . 75.75u
< 50004 2z ==
S
W 400.0p4
521.821
300.0u7 5 e wioh) | 5
200.0
100.0p
0.0
25Deg C 50 Deg C 100 Deg C
Temp (°C)
Fig. 10.  Analytical energy loss segments under 7); = 25, 50, and 100 °C for

Viae = 600V, [1pq =25A, and R; = 9.98 Q2.

energy losses are calculated by multiplying the Vjso and Iz
during switching (see Fig. 9(b) and (d) for turn-ON and Fig. 9(a)
and (c) for turn-OFF), and calculating the area under the curve.
The analytical and experimental results of turn-ON loss at 12, =
9.98€2 and 20 ) are compared and plotted in Fig. 11(a) and
(d), respectively. Simulated F,, results from the manufacturer
provided LT Spice model has also been compared with the
developed analytical model, where it can be observed that LT
Spice results for F,, does not vary with respect to temperature as
it does not consider the temperature-dependent £,.,. contribution
in Eop.

The percentage estimation error in calculating E,, with dif-
ferent methods over a wide operating range has been shown
in Fig. 11(b) and (e) for different R, (9.98Q and 20 ).
It can be observed that at I;o =5 A, due to the absence
of temperature dependencies in the FE,, loss calculation, for
T; =100°C and R, =9.98€), the absolute percentage er-
ror by the analytical model [9], LT Spice results are 31%
and 58%; similarly, at R, = 9.98 Q) these errors are 29% and
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Fig. 11.  (a) Eop at T = T} s = 25,50, and 100 °C and Ry = 9.98 €2. (b) Comparison of E, estimation error at 7%; = 25, 50, and 100 °C for Vg = 600V,

Jioaa = 5-25A and Ry = 9.98€. (¢c) By at Tj = Tp,s = 25,50, and 100 °C and Ry = 9.98 Q. (d) Eoy at T = T}, = 25,50, and 100 °C and Ry = 20 €.
(e) Comparison of Eq, estimation error at T; = 25, 50, and 100 °C for Vge = 600V, ljgaq = 5-25Aand Ry = 202 (f) Bt at Tj = T}, = 25,50, and 100 °C

and Ry = 20 Q2.

63.5%, respectively. However, due to the addition of the T}
dependent parameters as per the proposed model, the maxi-
mum absolute error has been reduced to < 12.1% at Ry =
9.98and < 16.9% at R, = 20Q (I42 =5 Aand T; = 25°C).
This estimation error further decreases to < 2.5% at R, =
9.98Q and < 0.95% at Ry =209, at higher drain current
(Ig2 =25A).

For calculating Fy, both E,, and E are required. The E,,
is being estimated as per the proposed model, while Fy is
estimated as per [9] and assumed to be constant at different
T}, since Eyi does not change substantially with respect to T7.
In the experimental results [see Fig. 11(c) and ()], an accuracy
band of +5% has been created for Ei due to the measurement
error introduced by the voltage and current probes. The error
in the estimation of F) increases at low value of Ij,,q due to
the estimation error in Fyg at 0 < [o,g < 2[¢. At this current
level, I.,o of Q2 becomes zero, due to which, dVgso/dt and
142/ dt decreases significantly as shown in Fig. 9(a) and (c). The
loss distribution in Fy. is shown in Fig. 10. The energy loss
due to reverse recovery of (1 on ()5 is subtracted from (14)
and shown separately as F,... It can be seen that F,.,. increases
by 116.7% (55.38-120.02 p1J), when Tj is increased from 25
to 100 °C.

V. CONCLUSION

In this article, a combination of an analytical and behav-
ioral model for estimating the temperature-dependent turn-ON

switching energy losses E,, of a SiC MOSFET in a half-bridge
configuration is presented. Due to the nonavailability of the 7’
dependent reverse recovery data in the device data-sheet, an ex-
periment based parameter extraction routine has been proposed
for modeling the SiC MOSFET and its body diode characteristics.
The impact of temperature on the charge carrier lifetime of the
SiC MOSFETs’ body-diode has been discussed and determined
through experimental results for developing the E,, loss model.
Furthermore, the impact of the displacement current I..;(t) due
to the SiC MOSFETs parasitic capacitance on estimating the
reverse-recovery charge of the body-diode has been analyzed.
The proposed model can also give the segmented turn-ON energy
losses, including the device nonidealities.

For Ey, Fof has been estimated as per the model available
in the literature, as Fog does not show significant temperature
dependency. However, in order to improve the accuracy in Eiq,
further improvement in the E,i modeling is required.

DPT has been conducted at different temperature
(25,50, and 100°C) for validating the proposed model.
The analytically estimated E,, from the developed model at
different T closely matches with the experimental results
over a wide operating range of device current. Additionally
to show the effect of R, variation on F,,, the estimation
has been performed for two different R, and experimentally
validated. The estimation error from the proposed model at
higher temperature drastically reduces compared with the other
existing techniques. Moreover, the proposed model can estimate
the Ey, at [ip,g = 25 A with a minimum accuracy of less than
2.5%.
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