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A Temperature-Dependent Analytical Transient
Model of SiC MOSFET 1n Half-Bridge Circuits

Peng Xue

Abstract—In this article, a temperature-dependent transient
model of silicon carbide (SiC) metal-oxide-semiconductor field-
effect transistor (MOSFET) is proposed. The switching transient of
the SiC MOSFET is divided into four phases. In each phase, the
operations of the MOSFET and its body diode are analyzed and the
corresponding equivalent circuits are obtained. The analysis iden-
tifies thatthe Cyq X dVyus/dtand L X dI,/dtinduced negative
feedback mechanisms, excess charge extraction in the N-base of SiC
MOSFET body diode and dynamic transfer characteristics at switch-
ing transient are pivotal physical characteristics. The dependence
of junction temperature 7';; of low-side MOSFET and junction
temperature 7’y of high-side MOSFET on the switching behavior of
SiC MOSFET is also analyzed and included in the proposed model.
Based on the improved understanding of the switching behavior, an
analytical model of SiC MOSFET is derived. The analytically derived
switching waveforms and switching losses are compared to the test
data and good agreement is obtained.

Index Terms—Analytical model, metal-oxide-semiconductor
field-effect transistor (MOSFET), silicon carbide (SiC), switching
characteristics, temperature-dependent modeling.

I. INTRODUCTION

con carbide (SiC) semiconductors, SiC metal-oxide-
semiconductor field-effect transistor (MOSFETS) can operate
under very high-frequency and high-temperature conditions.
The merits make the device a promising candidate for next-
generation power electronic systems. However, the wide uti-
lization of SiC MOSFETS also poses various issues in the power
converter design. One major issue is accurate estimation of
power losses. At high-frequency power applications, the switch-
ing losses dominate the conversion efficiency [1]. The power
losses generate heat, which also determines the heat-sink design.
The final performance of the converter design is thereby mainly
determined by the power losses, which makes the power loss
estimation pivotal for converter design. The other issue is related
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to electromagnetic interference (EMI). The SiC MOSFETs have
a fast switching speed, which gives rise to a high drain-source
voltage slope (dVgs/dt) and drain current slope (dI;/dt) dur-
ing the switching transient. The high dVgs/dt and dI,;/dt of
SiC MOSFETs generate severe EMI noise, which can jeopardize
converter operation [2]. To estimate the EMI, an accurate SiC
MOSFET model is required.

The currently available SiC MOSFET models have four kinds:
behavior models, analytical models, physics-based models, and
numerical models. The behavior models mathematically fit char-
acteristics of SiC MOSFET without reflecting any circuit and
device operations [3]. The analytical models yield expressions
of the switching characteristics through circuit and device equa-
tions based on Kirchhoff’s current and voltage laws (KCL and
KVL) of the commutation circuit, input, and output characteris-
tics of the devices [4], [5], [6], [7]. Based on semiconductor
physics, the physics-based models use physical equations of
SiC MOSFET to describe the devices’ characteristics [8], [9]. The
numerical models [10] use finite element method-based simu-
lation tools to model the SiC MOSFETs. Detailed semiconductor
parameters and the cell structure of the SiC MOSFET are required
to establish the model.

The behavior models provide fast simulation, but have poor
accuracy. The physics-based models and numerical models
are very accurate. Nonetheless, challenges with parameter ex-
traction and slow simulation speeds hinder their application.
Compared to these models, the analytical model can provide
a relatively fast simulation with reasonable accuracy [4], [5],
[6]. The parameter extraction is also relatively easy and can be
mainly based on datasheet [4]. These merits make the analytical
models a good choice for SiC MOSFET modeling.

However, the previous research on analytical modeling of SiC
MOSFETS also has certain drawbacks [4], [5], [6], [7]. First, to
derive an analytical model, many crucial device operations, such
as the bipolar operation of the body diode and feedback actions
of stray inductances and capacitances, are often neglected. Sec-
ond, due to the high Vg, applied on the device, dynamic transfer
characteristics during switching transients differ from the static
transfer characteristics [11]. The static transfer characteristics
are thereby not adequate to be used in the SiC MOSFET modeling.
Finally, temperature dependence on the switching behavior of
SiC MOSFET is often neglected, which leads to some errors [7].
To achieve an improved accuracy, the temperature dependence
of SiC MOSFET and its body diode should be analyzed and the
strongly temperature-dependent transient characteristics should
be considered.
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Fig. 1. SiC MOSFET and its body diode: (a) Cell structure and stray capac-
itances of SiC MOSFET. (b) Forward conduction of body diode. (c) Excess
charge extraction of body diode.
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Fig. 2. (a) Half-bridge test circuit. (b) Cgq X dVis/dt and L x dIg/dt
induced negative feedback mechanisms of SiC MOSFETs.

In this article, to develop a complete analytical model of SiC
MOSFETs, the switching transient is segmented into four distinct
phases and the device’s operation in each phase is analyzed. The
analyses unveil pivotal device characteristics that needed to be
included in the SiC MOSFET modeling. Based on the improved
understanding, the analytical expressions of Vs and I, at each
phase are derived. In addition, the temperature dependence on
the switching behavior of SiC MOSFETs is experimentally identi-
fied, and temperature-dependent models for pivotal parameters
are included. In the end, double pulse test is performed to validate
the proposed SiC MOSFET model.

II. SWITCHING BEHAVIOR OF SIC MOSFET

Fig. 1(a) shows elementary cell structure of a SiC MOSFET
and its body diode. The gate-source stray capacitance Cy,, which
originates from the overlap of the N+ source and gate, is voltage-
independent. The drain-source and gate-drain stray capacitances
Cys and Cyq are generated by the depletion region, and thereby
depend on V.

In the SiC MOSFET, the P-well, N-base, and N+ substrate form
abody diode, as shown in Fig. 1(a). When the MOSFET is reverse
biased, the P-well/N-base junction and N-base/ N+ substrate
junction are forward biased, which causes the hole injection
at the P-well/N-base junction and electron injection at the N-
base/N+ substrate junction, as shown in Fig. 1(b). With a high
density of minority carriers built up in the N-base, the body diode
can operate like a bipolar p—i—n diode [12].

Fig. 2(a) shows the SiC MOSFET-based half-bridge circuit. In
the circuit, Ly is the load inductor. V. is the dc-bus voltage.
Vg is the gate drive voltage at low side, whereas Vg (ofr) is the
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Fig. 3. (a) Turn-ON waveforms and (b) Turn-OFF waveforms of SiC MOS-

FETs.

high-side OFF-state gate voltage. L, is the common source stray
inductance. L,, is the power loop stray inductance. gy = Ry +
Rge + Ryqis the total gate resistance, which includes the internal
gate stray resistance I2,;, external gate resistance Ry, and gate
driver resistance Rgq. 11 and D; are the low-side MOSFET and its
body diode. T and D5 are the high-side MOSFET and its body
diode. T is the active switch. 75 is in OFF-state and its body
diode D5 is used as a freewheeling diode. In Fig. 2(a), the gate
loop inductance is neglected because the gate loop inductance
only affects the turn-ON/OFFdelay time and has no impact on the
switching behavior [13], [14].

A. Turn-oN Behavior

Fig. 3(a) shows the turn-ON transient of SiC MOSFET, which
is divided into phases 1 and 2. The equivalent circuits are given
in Fig. 4(a)—(c). In the circuits, 7} is replaced as its stray
capacitances and MOS channel current /.. Load current 7,
is constant at switching transient and thereby represented as a
current source. The two phases are given as follows:

Phase 1 [to—t1] [see Fig. 4(a)]: Phase 1 starts when the gate-
souse voltage Vs surpasses its threshold voltage Vi,. In phase
1, I, starts to increase, which supports the drain current I to
increase. The dI;/dt generates voltage on inductances L, and
L, which cause the reduction of Vg, as shown in Fig. 3(a).

Fig. 2(b) shows L, induces a negative feedback mechanism in
phase 1. The high dI,;/dt generates a positive voltage V on the
L, which counteracts the Vs and slows down its turn-ON. The
slowdown of the Vi in return hinders the dl4 /dt to increase. A
negative feedback mechanism is thereby achieved.

Due to the negative feedback, the turn-ON in phase 1 greatly
depends on L. Fig. 3(a) shows the waveforms when the device
has high common source inductance (HCSI) and low common
source inductance (LCSI) used. For the SiC MOSFETs using
common source configuration, the terminal and bond wires
in the source generate an HCSI ranging from a few to tens
of nanohenries [15]. The HCSI induces very strong negative
feedback, which hinders the d1;/dt from increasing. In the end,
a constant dl,/dt is achieved and a voltage plateau of Vg is
generated, as shown in Fig. 3(a). Some new package forms,
such as TO-247-4, TO-263-7, and TTOLL, have an additional
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Fig. 4.
(d) Phase 3. (e) Phase 4 when I, > 0. (f) The end of phase 4 when I, = 0.

Kelvin source terminal. With the Kelvin source utilized, the L
can be reduced to a level of a few hundred picohenries and the
LCSI condition is achieved. Due to the small L, the negative
feedback mechanism becomes very weak. The dI;/dt thereby
continuously increases, which causes a continuous reduction of
Vs, as shown in Fig. 3(a).

At the end of this phase, I; surpasses the load current [7,.
The high-side body diode D starts to conduct reverse current.
However, since the N-base of SiC MOSFET is not depleted, Do
can not support high reverse voltage in this phase [12]. Phase
1 ends when [ reaches I}, + I, where I, is the peak reverse
recovery current, which can be expressed by

2erdfd/dt|t:tL
Iy =\ ————F+ 1
1495 (D

where dI;/dt|;—, is the drain current slope when I; = I, at
t =11, as shown in Fig. 3(a). @\ is the reverse recovery charge.
S is the softness factor of the body diode.

Phase 2 [t1-t2] [see Fig. 4(b) and (c)]: Phase 2 initiates
when I; reaches I, + I;. In this phase, the depletion region is
formed in the P-well/N-base junction and N-base/ N+ substrate
junction of Do, as shown in Fig. 1(c). As a result, D> is able to
support reverse voltage V. [12], as shown in Fig. 4(b). With the
increase of V,., the depletion region extends, which extracts the
excess charge in the N-base, as shown in Fig. 1(c). The charge
extraction generates a capacitive current to support the reverse
current of Dy. In Fig. 4(b), a capacitance Cj, is used to represent
the equivalent capacitance of Ds in this phase, which consists of
the capacitance generated by charge extraction and the output
stray capacitance of the T5. C,dV,./dt thereby represents the
capacitive current generated on Do.

The equivalent circuit of (a) Phase 1. (b) Phase 2 when 77 operates in saturation region. (c) The end of phase 2 when 77 operates in ohmic region.
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Fig. 5. C-V curve of the SiC MOSFET.

In phase 2, Vg abruptly reduces. The high dVgs/dt induces a
displacement current /4 on the gate-drain stray capacitance Cigq.
As shown in Fig. 2(b), Iy generates voltage V,; on R, which
hinders the Vg to turn ON. This in return causes the reduction of
dVys/dt. A negative feedback action is thereby achieved to slow
down the dVgs/dt.

In Fig. 3(a), phases 2a (t1 <t < typ) and 2b (11, < t < to)
are defined based on the voltage Viim (Vas = Viim at t13). In phase
2b, the Vg, drops below the Vi, and dVy,/dt greatly reduces to a
much lower level than that in phase 2a. The reduction is mainly
due to the abrupt increase in the stray capacitances Cyq, Which
cause stronger CyqdVys/dt induced feedback action to slow
down the dVjy,/dt. As shown in Fig. 5, the stray capacitances Cgq
and Cys have abrupt reduction when Vg is higher than Vj,,. Due
to a large stray capacitance generated by an ion-implantation-
induced layer at the JFET region [8], [16], the Cyq and Cy, have
a large value when Vg3 < Viim. When Vs > Vi, the depletion
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region in N-base covers ion implantation layer. The Cyq and Cy
thereby greatly reduce [16].

In phase 2, the reverse current of D- snaps back to zero.
Correspondingly, I; snaps back from its peak value Iy + I,
and reaches the load current I, att = ¢1,, as shown in Fig. 3(a).
Due to the high current slope of the snapback current, current
oscillation is excited in the stage when ¢ > t1,. In this stage, T
completely turns ON and the equivalent circuit that excites the
oscillation is presented in Fig. 4(c). In the circuit, R, is power
loop ac resistance generated by skin effect and radiation energy
dissipation of the power loop circuit [17]. During the oscillatory
transient, the residual charge in the N-base of the body diode acts
as adamper for the oscillation [ 18], which gives rise to adamping
resistance R4, as shown in Fig. 4(c). The RLC resonance in the
circuit generates oscillation of 1.

B. Turn-OFF Behavior

Fig. 3(b) shows the turn-OFF transient of the SiC MOSFETS,
which is divided into phases 3 and 4. Their equivalent circuits
are given in Fig. 4(d)—(f). The two phases are given as follows:

Phase 3 [t3—t4] [see Fig. 4(d)]: When Vi drops to the Miller
voltage Vininer, Which can just support I, phase 3 starts. In this
phase, the MOS channel current is not able to support /.. To
compensate the MOS channel current reduction, Vg, thereby has
to increase to generate the displacement current on the output ca-
pacitance of T’ . The Cgq X dVys/dt induced negative feedback
action presented in Fig. 2(b) also occurs, which slows down the
turn-OFF dVy, /dt. In Fig. 3(b), the phases 3a (t3 < t < t3,) and
3b (t3, < t < ty) are defined by Vii,. When Vg rises above the
Viim, the dVys/dt greatly increases due to the abruptly reduced
Cyq.

The increase of Vg, causes the reduction in the voltage of the
high-side MOSFET 75, which generates a displacement current
on its output capacitance Cygo. In phase 3a, the displacement
current is negligible due to the low dVj,/dt. In phase 3b, the high
dVys/dt generates a much larger displacement current on Cloga,
which gives rise to the reduction of I, as shown in Fig. 3(b).

Phase 4 [ty—t5] [see Fig. 4(e) and (f)]: When the Vg, reaches
Vi atty, phase 4 starts. In this phase, the diode current can divert
from 77 to Do, I, thereby quickly reduces. The gate voltage
quickly turns OFF, which causes an abrupt reduction of MOS
channel current I ;. Fig. 4(e) shows the equivalent circuit in this
phase when I, > 0. At the end of this phase, /., = 0 and the
equivalent circuit is presented in Fig. 4(f). The resonance in the
circuit generates turn-OFF oscillation of I and Vg, which is
dampened by the power loop ac resistance I,,.

III. PIvOTAL PHYSICAL CHARACTERISTICS

Based on the analysis in Section II, some pivotal physical
characteristics are discussed as follows.

A. Effective Stray Capacitance of SiC MOSFETs

The stray capacitances are vital for the switching behavior
of SiC MOSFETs. The stray capacitances Cyq and Cys of the SiC
MOSFET are voltage-dependent and change abruptly near Vi, as

Capacitance

0 Viim Vo Vs

Fig. 6. Charges Q1 and Q2 integrated from C-V curve.
V,1,A
Vdc
I
[rr
Fig. 7. Reverse recovery waveforms of SiC MOSFET body diode.

shown in Fig. 5. To linearize the stray capacitances, the charge
equivalent effective capacitance can be utilized [7]. As shown
in Fig. 6, effective capacitances C; (When Vg < Vi) and Co
(When Vg3 > Vi) are defined as follows:

1 Viim Ql
C(v)dv =
Viim/O ( )
Q2

Viim
C 71 v C(v)d _—
= = . 3
2=V Vim /v Wdv=g=5 O

As shown in Fig. 6, Q1 and @) are obtained by integrating the
C-V curve from OV to Vji, and from Vjip, to Vjy, respectively. V
is the OFF-state drain-source voltage of the SiC MOSFET. With
(2) and (3) utilized, the effective stray capacitances Cyq and Cls
can be expressed as follows:

ng(ds) = ngl (ds1)»
ng2(ds2) ’

Ch =

@)

< .
Vds > ‘/llm ) (4)
V;is > Viim

B. Effective Capacitance of Body Diode

In phase 2, the voltage-dependent capacitance Cj is used
to reflect the excess charge extraction behavior. Fig. 7 shows
the reverse recovery waveforms of the body diode. At reverse
recovery transient, the diode reverse voltage V. increases from
0 V to Vg, which generates the capacitive current C,dV,./dt to
support diode current, then

Ve
0 Cq(V)dVr = Qb (5)
where @)y is the equivalent charge of the diode, which contains
the excess charge stored in the N-base and the capacitive charge
stored in the output capacitance of 75. If turn-ON is fast, all
the excess charge in the N-base sweep out to support reverse
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recovery and (Q, ~ Q; can be assumed to extract (. Qy; is the
reverse recovery charge defined in Fig. 7. Based on (5), Cj is
obtained by

s
Ve
The ), greatly depends on the load current I;,. Since Q) is
mainly supported by excess charge stored in the N-base, 9, can
be approximately expressed as [18]

Qp =~ qAWBDp @)

where A is die area. Wp is N-base width. p is average excess
carrier density. Noting the excess carrier density p depends on
11, and can be expressed as [18] follows:

4bh,y I, o L[ bl
T\ 1+ b)gA

(\/1 + (1+b)gAK?
®)

where h,, is recombination parameter. b = f, /. fbr, and p,
are electron and hole mobilities, respectively. Based on (8) and
(9) is obtained

C ©)

K

p:Thp

€))

Suppose the Qo is the excess charge at load current Ipg.
Utilizing (7) and (9), the Q) at I, is obtained by the following:

— IL ¢
C?b——CQM)<IL0>

where a = 0.5 is default value. The equivalent capacitance Cy
of high-side SiC MOSFET body diode can thereby be expressed

by the following:
Cq=Cy,
Coss2v

where Cog2 = Coaz + Cusa. Ceaz and Cygo are the effective
capacitance of T, when Vg > Viin.
Since @y is mainly supported by @y, the @, at I, can be
obtained according to (10)

I a
er ~ erO (IL>
L0

where Q.. is the reverse recovery charge extracted at Ir,.

pox\Ig.

(10)

%n phase 2 an
in phase 3

12)

C. Coq x dVy/dt and Ly x dlq/dt Induced Negative
Feedback

Fig. 8(a) summarizes the Cyoq % dVgs /dt induced feedback
mechanism presented in Fig. 2(b). The dVys/dt induces a dis-
placement current Ioq on Cgq, Which generates voltage V; to
counteract V. The Vi in return controls dV, /dt and a feedback
mechanism is thereby achieved. In phases 1-3, the negative
feedback mechanism can significantly slow down the switching
speed and thereby need to be considered.

The Ly x dI,/dt induced negative feedback mechanisms are
summarized in Fig. 8(b). The dI;/dt generates a voltage Vj
on the L, which counteracts the Vg and hider the gate to turn
ON/OFF. The Vg in return controls the dIg /dt and a negative

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 40, NO. 1, JANUARY 2025

i dV,/d, +‘ dly/d,
vt vt
Negative Negative
Ves Feedback La Feedback Vs
L] L

(a) (b)

Fig. 8. (a) Cgq X dVys/dt and (b) L x dI;/dt induced negative feedback
mechanisms.
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Fig.9.  (a) Turn-ON waveforms of SiC MOSFET C3M0040120K using Ry =
250 €2 and (b) transfer characteristics of C3M0040120K extracted at switching
and static conditions.

feedback action is achieved. The feedback action significantly
slows down the switching speed in phases 1, 3, and 4 and
should be considered. In phase 1, Ly x dI;/dt induced feedback
mechanisms at HCSI and LCSI conditions have a huge impact
on the Vy, and should be considered.

D. Dynamic Transfer Characteristics at Switching Transient

At switching transient, a high Vg, is applied. The dynamic
transfer characteristics at switching transient are thereby dif-
ferent from at static data (using a low Vj) provided in the
datasheet [11]. The dynamic transfer characteristics are ex-
tracted from turn-ON waveforms of I; and Vi [19] with a large
R4, which minimize the Vg, reduction during the current rising
transient and suppress oscillation.

Fig. 9(a) shows the I; and Vg turn-ON waveforms of SiC
MOSFET C3M0040120K. By plotting the Vs — I; data during
the I, rising transient, the dynamic transfer characteristics can
be obtained. Fig. 9(b) compares the dynamic transfer charac-
teristics of SiC MOSFET C3M0040120K under various Vys and
static I-V curves measured at Vi, = 20V. It can be noticed
that transfer characteristics of SiC MOSFET depend on Vg,. Due
to the drain-induced barrier lowering (DIBL) effect, the gate
threshold voltage slightly reduces at switching transient. When
higher Vg is applied, the transconductance increases due to the
short-channel effect [20]. During the switching transient, the
SiC MOSFET mainly operates in saturation region. The channel
current Iy is expressed as [21] follows:

— Vin)?(1 + AVay) (13)
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Fig. 10.  Transconductance of SiC MOSFET.

where K, is transconductance coefficient. A is short-channel
coefficient. The square function of Vg in (13) makes analytical
modelling infeasible. The (13) is thereby modified as follows:
Ich = Gm(‘/gs - Vth) (14)

where the transconductance G,,, is a function of I, and V.

To linearize the GG,,, the average transconductance G, and
small-signal transconductance G, can be utilized [4]. As shown
in Fig. 10, suppose the Miller voltage of I.n; iS Vpiner, the
corresponding average transconductance G, for Iy € [0, Ip1 ]
and small-signal transconductance Gy, at I, = Iy can be
calculated using (13)

1, hl \/Icth (1 + )\‘/d%)
G — c _ P 15
“ Vaitler — Vi 2 >
dl
Gms - Ien=1Icn1 \/2ICh1K (1 + )“/dS) (16)

Vs

Using (15) and (16), the transconductance in phases 1-4 can
be obtained. In phase 1, the Vs clamps near V. whereas the I,
increases from zero to Iy, + I;.. With I;; neglected, the average
transconductance with I, € [0, ;] can be used in this phase.
Using (15) with Vg = Vg and Iy = I, the transconductance
Gna1 in phase 1 is expressed as follows:

ILK,(1+ AVy)

Gmal = D)

(17)
In phase 2, the Vg, drops from Vg, to ON-state voltage whereas
the I; snaps from Iy, + I, to I1. With I;; and on-state voltage
neglected, the small-signal transconductance Gy is utilized in
phase 2, which is calculated by using (16) with Vi, = V. /2 and
In =1t

Gz = /211K (1+ 2Vic/2). (18)
In phase 3, Vi increase from ON-state voltage to Vg, while I
clamps near [y,. Therefore, (18) also valid in this phase.

In phase 4, I; turns OFF, which causes the reduction of
transconductance. On the other hand, the overshoot of Vi
gives rise to an increased transconductance. The small-signal
transconductance at Vg = V. and I; = Iy, is thereby a good
approximation of the transconductance in this phase [22]. The

small-signal transconductance G4 in phase 4 is thereby calcu-
lated using (16) with Vs = Ve and Iy = I

Gt = \/21L K (1 + 2Vio). (19)

IV. ANALYTICAL MODEL OF SWITCHING TRANSIENT

In this section, the analytical model of SiC MOSFET is derived.
Details of the model are presented as follows.

A. Phase 1

Fig. 4(a) shows the equivalent circuit in phase 1. In the circuit,
the gate current I, can be expressed as follows:

Vs dVis
Iy = (Cgs + C - C, -. 20
(g+gd)dt gddt (20)
Using KVL in the gate loop of the circuit, (21) is obtained.
dli, d
Vgg(on) Rgl, + Vos + L r 210

In phase 1, I; is mainly supported by I.;,. Neglecting the dVy, /dt

induced displacement current, the following is obtained
Iy = Gim(Ves — Vin). (22)

Using KVL in the power loop of the circuit, the following is
obtained

dly
Viae = Vas + (Ls + L) — s (23)
Combining (20)—(23), the following is obtained:
d2I dly
4y Br—r 1o = G (Veg(omy = Vi)~ 24

Vare

where oy = (Ls + L )R CoaGr, and 1 = Ry(Cyq + Cys) +
LsG,,,. Equation (24) is solved with following initial conditions:

Iyt =t5) =0 (25)
dl;|
i 0. (26)

The solution of (24) depends on the relationship between L4 and
its threshold value L g ), which is defined as follows:

g (Cgs _ ng2)

2\/RyCaa(Gumat Ly— RyCas) — R

L = . (27
S(th) N Q27)
When Ly > Lg ), the solution of (24) is as follows:
Id = (‘/gg(on) o ‘/th) ( GmTl 6T0(t7t0) + GTn'ToeTl(ttO)>
70— T1 1 — T0
+Gm(V, gg(on) — Vin) (28)

where the coefficient 7o = (—31 + /37 — 4a1) /2. The co-

efficient 7'1:(—51 — \/ﬁlz — 40[1)/2041.

The dI4/dt can thereby be obtained as follows:

dI. Gm G _
7: = (Vgg(on) _V;h) (TOTleTO(t_tO) + mT0TL eTl(f’ to)

To — T1 T — 70

(29)
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When Ls < Lg), the solution of (24) is as follows:
Iy = ema(t—t0) (l“sin(w(t — ) — cos(w(t — to)))
w

X G ( gg(on) — th) + G ( gg(on) — Vzh) (30)

where 7, = —f31/2a1, and w = /4oy — $7/20.
The dI,/dt can thereby be calculated by the following:

dly . w2472 .
dtl =€ atGm ( o ) (‘/gg(on)—‘/;h)SHl(w(t—to)). 31

In phase 1, Cyq = Cya2 and Gy, = Gimar. The Vg under HCSI
and LCSI conditions are given as follows.

1) HCSI Condition: With HCSI, Vg clamped at a plateau
due to the LsdI;/dt induced negative feedback. With Ldl,/dt
included in (21), Vy can be expressed as follows:
dly

dt
where d1,;/dt is obtained using (29) or (31).

2) LCSI Condition: With LCSI, dVys/dt is expressed as

follows:

Vag = (Lp + L) =2 (32)

I
w (L, + Ly )ddtd
ds _ t=tr, ) (33)

dt Ty
As shown in Fig. 3(a), ¢, is the time when I; = I, the duration
Tr, =t — to.tr is obtained by using (28) or (30) with Iy = Ir..
dI,/dt|¢—¢, is obtained using (29) or (31).

B. Phase 2

In this phase, the D5 starts to support the reverse voltage V..
The increased V,. generates capacitive current on C, then

dV, dVds
Ipr=1;,—C,—
L= Ad =gy
Since increase of V, causes reduction of Vds, dVys/dt =

—dV,./dt is assumed in (34). As shown in Fig. 4(b), I is as
follows:

Id+Cq

(34)

dVas

dt
With high dVj,/dt, the gate current I, is mainly supported by
CoadVgs/dt induced displacement current in this phase. I, is
thereby expressed as follows:

Id = Gm(‘/gs - Vth) + (ng + C’ds) (35)

aVy
I, = —ngﬁs. (36)
Combing (21) and (34)—(36), the following is obtained
d V dV;
az—a® + B = 11— Gon(Veg(omy = Vi) (37)
where aig = GmLSC’q and B2 = Cgqs + Cy + Coa(1 + RyGy).

Equation (37) is solved in phases 2a and 2b, which is given as
follows.
1) Phase 2a: Inphase 2a, the initial conditions are as follows:

Vit =t) =W (38)
Vel
7 = 5. (39)

t=t,
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The V1 and S can be obtained by (32) or (33), respectively. The
solution of (37) then can be obtained as follows:

V;ig _ 5162 + Gm(‘/ég(on) - V;h) - IL €T2(t7t1) . ﬂ
‘ BaT2 To
t— 1
+ Iz — G (Veg(on) — Vin)) 52 L s +W
(40)
where 75 = — 5 /as. The dVy/dt is thereby obtained as fol-
lows:
dVys _ Ir — Gm(‘/gg(on) - VIh) (1_67-2(,5,,51))
dt B2

+ Spem i), 4D

In (40) and (41), (|, reflects the impact of charge extraction
on the high-side body diode. Cyq Ry G, reflects the Coqd Vs /dt
induced feedback mechanism. In phase 2a, G,,, = G2, Cys =
Cus2, and Cyq = Ciyqo are utilized.

2) Phase 2b: Inphase 2b, the initial conditions are as follows:

Vds(t = tlb) = Viim (42)
Tal s, 43)
dt =ty

where the S5 can be obtained by (41).
The solution (37) in phase 2b is thereby be obtained by the
following:

= 5262 + G ( gg(on) — VIh) =1L eTz(t—tu)) _ &
BaTa T2
t— 1ty 1
+ (IL - Gm(vgg(on) - Vlh)) ( 62 + 527_2> + Viim-
(44)
The dVys/dt is expressed as follows:
d:l/;js _ IL - Gm(‘ggg(on) - ‘/th) (1—672(t7t1b))
t 2

+ Spem2(ttu), (45)

In phase 2b, Gy, = G2, Cas = Cast, and Cog = Cigqr.

3) Current Snapback and Oscillation: In phase 2, whent; <
t < t14, I snaps back to I, due to the diode reverse recovery,
which generates current oscillation. The snapback dl;/dt is

% 1dly

dt S dt

S dt (46)

t=tr,

As shown in Fig. 3(a), when t > t1,, the current oscillation
occurs. The oscillation is excited by the circuit in Fig. 4(c).
Based on the circuit, (47) and (48) are obtained as follows.

dV.
Iy = Cos—2> + 11 (47)
dl,
Vdc = Voss2 1 (Lp + L‘;)E + Id(Rp + Rd) (48)
Combining (47) and (48), the following is obtained
dZI
d+@~ S l=1p (49)

" dt2
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where o, = Coss2(Lp + L), fr = Coss2(R, + Raq). At oscil-
latory transient, the output capacitance Ciyo is obtained at
Vias = Vbe. The initial conditions for (49) at 1, are as follows:

I(t =ta) =11, (50
dl, _ _
E(t_tla) _Ar- (51)

The expression of I; when t > t1, is thereby obtained as fol-
lows:

Ay
I; = egr—sm(wr(t —t1q)) + I,

T

where w, = \/4a, — 52 /2a, and &, = =5, /2a,.

C. Phase 3

As shown in Fig. 4(d), in phase 3, (34) is valid with Cg
replaced as Cogso

(52)

dVigs
Iy = 1o+ Coma—g.". (53)
t
Using KVL in the gate loop of the circuit, (54) is obtained
dl,
Vig(oit) = Ryl + Vs + Lsd—:. (54)
The I; can be expressed as follows:
dVqs

I =11 + G (Ves = Viter) + (Caa + Ca) == (55)

dt

where Viiner 18 the miller voltage for the load current /. Com-
bining (36) and (53)—(55), the following is obtained

d* Vi dVys
s g

where a3 = G, LsCoss2 and ﬂd = Cys + Cossa + ng(]- +
R,Gy,). Equation (56) is solved in phases 3a and 3b.
1) Phase 3a: Inphase 3a, the initial conditions are as follows:

- Gm(Vmil]er - vag(off)) (56)

Vis(t = t3) = 0 (57)
Ve |
7 . =0. (58)

The solution of (56) in phase 3a is as follows:

Gm(Vgg(off) - Vmiller) e"’a(t—tg)
ﬂ37—3

+ G('m(‘/miller - V:gg(off)) <

V:is:

t—1t3 1
—_— 4+ — 59
B3 o /3373> >9)

where 73 = — (3 /3. The dVy,/dt is thereby obtained as fol-
lows:

dVas o Gm(vmil]er - gg(off))
dt B3

In phase 3a, Gm = Gmsg, Cds = Cdsl, ng = ng1 and 00552 =

Coa2 + Cso are utilized. With a low dVj,/dt and a small capac-

itance Clg2, the displacement current on Clygo is very small and

I4 = Iy, is assumed in phase 3a.

(1—emt%)) (60)

2) Phase 3b: In phase 3b, the initial condition of (56) is

V;is(t = t3a) = Viim (61)
dVas

= . 62

at |, S3 (62)

Ss is obtained from (60). The solution of (56) in phase 3b is

Vi = 8353 + G (Veg(oft) — Viniller)
: B3T3

t— s,
+ Gm(Vmiller_V:gg(off)) <I833

(63)

e (t=t3a) + Viim
The dVgs/dt is obtained as

1 ) Ss
+ _
B31s) T3
d‘/;] Gm (Vmiller - ‘/gg(off) ) - (f—
S — 1 — 73 (tt3a) 3 (t—t3a0)
dt ﬂ?) ( € )+Sg€
(64)

In phase 3b, G, = Gs2, Cas = Cusa, Cod = Coaz and Cogsn =
Cya1 + Cys1 are utilized.

In phase 3b, the high dVy,/dt generates displacement current
on the high-side MOSFET, which causes the drain current reduc-
tion. The dI,/dt in this phase 3b is obtained by the following:

CossZ (Viim) %

Io dt |, 65)
dt Tps

where T'p3 is the duration of phase 4, as shown in Fig. 3(b). The
Tps and dVy/dt|,, are obtained from (63) and (64). Coss2(Viim)
is the output capacitance of high-side MOSFET at Vj;,,. At the end
of phase 3, the diode has to support a few to tens of volts due
to the voltage on the L,,. The Cys at t4 thereby approximately

equal to Cogs2(Viim)-

D. Phase 4

The equivalent circuit in phase 4 is shown in Fig. 4(e). In phase
4, dVy,/dt greatly reduces, the Cyq x dVgs/dt induced feedback
is neglected. I, is thereby expressed as follows:

AV
dt -
Since I, is mainly supported by MOS channel current, then

Iy = G (Ves — V- (67)
Combining (54), (66), and (67), the following can be obtained

Ig - (Cgs + ng)

(66)

dl,
Bt + 1o = G (Vig(om — Vin)- (68)
Solve the equation (68) with following initial conditions:
Ii(t = t4) = Iga = G (Vinitier2 — Vin) (69)

where 4 is I att = t4 and Viyjere 18 the Miller voltage of 144,
as shown in Fig. 3(b). The solution of (68) is as follows:

t—ty

I3= G (Vinitier2 — Vg (o)) € P+ G (Vag(ot) = Vin)-
(70)
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Comparison of (a) Turn-OFF waveforms of C3M0040120K when 751 varies while 7"y = 30°C. (b) Turn-ON waveforms of C3M0040120K when 751

varies while T'yo = 30°C, (c¢) Turn-ON waveforms of C3M0040120K varies when 7jo varies while T;; = 30°C. (d) Turn-OFF waveforms of C3M0045065D
when T'y; varies while 775 = 30°C. (e) Turn-ON waveform of C3M0045065D when 7';; varies while 7’5o = 30°C, (f) Turn-ON waveforms of C3M0045065D

when T'jo varies while T';; = 30°C.

The dI,/dt can thereby be expressed as follows:
t—t4
dly Gm(Vitier2 — Vigg (off)) (;T
dt B
where G, = Gnaa, Cas = Cus2, Cgq = Cygo are used.
1) Oscillation of Vs and 1;: The Vg overshoot and oscil-
lation in the end of phase 4 is excited by the circuit shown in
Fig. 4(f). Based on Fig. 4(f), the following are obtained

(71)

AV
Iy = (Cya + Co)—" (72)

t

dr,
Vae = Vas + (Lp + Ls)d—f + IR, (73)
Combining (72) and (73), then
a2V, dV

1=+ P Ve =Vae (74)

where ay = (Coq + Cus)(Lp + Ls) and B4 = (Cga + Cys) Ry
Equation (74) is solved with the following initial conditions:

V;ls(t = t4> = Vi (75)
‘/as| = ‘/peak~ (76)

The peak overshoot voltage Vieax = —(Lp + Ls)dI/dt|min.
dI4/dt|min is the minimum dI;/dt in phase 4, which can be
calculated by (77) according to (71)

peak

dId _ Gm(Vmillch - Vgg(off)) ) (77)
dt min Tb
The solution of (74) is
Ve = efe(t*t‘*)‘/},eaksin(we(t —t4)) + Vac (78)

where we = \/4ay — 33 /20 and €, = —B4/2ay. During the

oscillatory transient, Cys and Clgq are obtained at V..

The oscillation of I; can be obtained also using circuit pre-
sented in Fig. 4(f). Combing (72) and (73), the following can be
obtained

dQId dly
Ip =0. 79
dt2 + ﬂ4 + D = ( )
The initial conditions
Ip(t=t4,) =0 (80)
dlp
t=t4,) = As 81
a —( 4a) : (31)
where A can be obtained by (71). The solution of (79) is
As .
Ip = e —sin(we(t — tyq)). (82)

We

V. TEMPERATURE-DEPENDENCY OF SIC MOSFET
A. Temperature-Dependent Switching Behavior

To identify the temperature dependence of SiC MOSFET, dou-
ble pulse test is performed with junction temperature 77;; of
low-side MOSFET 7' and junction temperature 7'yo of high-side
MOSFET T5 heated to various values. Fig. 11 shows the test
results using various 7'y; and T'y5. The switching starting time
is aligned (the switching delay due to variation of temperature
is removed) for comparison. Fig. 12 shows the double-pulse
test fixture utilized. An electrical heater is attached to the device
under test to heat 77, and 7'y to a preset temperature. The heater
is integrated with a thermocouple, which is used to monitor the
junction temperature.

Fig. 11(a) and (d) compares the experimental turn-OFF wave-
forms of C3M0040120K and C3MO0045065D when Tjo =
30°C, while Ty, varies from 30 to 130°C. It can be noticed
that Ty; does not significantly affect the turn-OFF behavior
of SiC MOSFET. As shown in Fig. 11(b) and (e), the turn-ON
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Fig. 12.  Double-pulse test platform.

waveforms of C3M0040120K and C3M0045065D shows that
turn-ON d1,/dt and dVy/dt significantly increases when higher
Ty, are used.

To identify the T;; and T'jo» dependence on the switching
behavior, a simplified expression of d;/dt and dVgs/dt should
be derived. The simplified expression of turn-ON dI,;/dt is
obtained by neglecting the Cyqd Vs /dt term in (20) and combing
(20)—(22), then

dl, G (Vagtony — Vin) — I1,/2
711 ~ ( gg( ) th) L/ . (83)
dt |, 051
Taking the derivation of (83) with respective to 771
dG,, dVip
dlg | _ “gr T 84)
dtdT' |, N o5

where aq :R(;'(Cgs +ng)(Vgg(on) —Vi) + ILs/2 and b=
—G,nf1- To derive a simplified expression of turn-ON dVy,/dt,
the LydIy/dt in (21) is neglected. Combing (34)—(36) and
multiplying by -1, turn-ON dV /dt is obtained as

dV Go(Vacion) — Vin) — 1
& | (Ve (on) th) L (85)
dt |, B2
Take the derivation of (85) with respect to T'y1, then
dG., dVi
dvg | egp Thyr 6)
dtdT|,, - 53

where a2 = (Cys + c, + ng)(‘@g(on) — V;h) +ILRgng.
bs = —G,, 2. Combining (54), (66), and (67) and multiplying
by -1, the turn-OFF d1;/dt can be approximately obtained by

dl G (Vin — V4 + 15,/2
7d ~ ( i gg(off)) L/ ) (87)
dt off A
Take the derivation of (87) with respect to 777y
dGp, dVin
dI? B as T + b3 aT &8)
dtdT'| & N Ik

where a3 = Ry(Cgs + Cya)(Vin — Vigg(ofr)) — LsIr/2 and by =
G 51. With LgdI;/dt in (54) neglected, the (89) for turn-OFF
dVgs/dt is obtained using (36) and (53)—(55).

dVas o Gm(VEh - ‘/gg(off)) + 1

dt off a BB

(89)

C3M0040120K: 25°C
35 | —— C3M0040120K: 175°C

Drain current Id [A]
N
5

Gate sourse voltage Vgs [V]

Fig. 13. IV curves of the C3M0040120K at 25°C and 175°C (Vgs = 20 V).

Take derivative of (89) with respect to 7771, then

dGp, dVin
avg| Gagp thigp

dtdT |~ B2

where a4 = (Ods + Coss2 + ng)(vlh - ‘/gg(off)) - ILRgng-
by = B3G,,. Fig. 13 shows temperature-dependent transfer
characteristics of the SiC MOSFET C3MO0040120K. With the
increase of temperature, V4, decreases since the MOS channel
becomes easier to invert due to bandgap narrowing [23], [24].
The Vi of SiC MOSFETs thereby has a negative temperature
coefficient (NTC). For SiC MOSFETS, a higher temperature
induce higher channel mobility [25], which can give rise to
increased transconductance and positive temperature coefficient
(PTC) can be achieved [26].

In (84) and (86), a1 and a- are positive while b, and by are
negative. With a PTC for G,,, and a NTC for V4, the impacts of
dG,, /dT and dVj, /dT thereby add up, which induces significant
temperature dependence of turn-ON dI,;/dt and dVy/dt. Since
a3 and a4 are much smaller than b3 and by, the turn-OFFd Iy /dt
and dVgs/dt is mainly determined by dV;,/dT. Moreover, the
a3 and a4 can be negative. In this case, the impacts of dG,,, /dT
and dVjy, /dT can even contract with each other. The temperature
dependence of turn-OFF d1; /dt and d Vs / dt is thereby very weak
and can be neglected.

Fig. 11(c) and (f) shows the experimental turn-ON waveforms
of C3M0040120K and C3M0045065D when the T'j5 varies from
30 to 130°C while Tj; = 30°C. With the increases of 1o, the
excess charge in the N-base of 75 increases. This generates larger
Qrr, which induces softer reverse recovery and higher reverse
current peak for their body diodes. Therefore, with the increase
of T'yo, the slope of snapback current reduces and peak current
increases.

(90)

B. Temperature-Dependent Models

To model the temperature dependence, the temperature-
dependent model of various parameters should be included. The
T'71 dependent transconductance coefficient is

Tr\°
Kyp(Th) = Kpo (300>

where c is the temperature coefficient. K is the transconduc-
tance coefficient at 300 K. The 7';; dependent model of Vj is

oD
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given as follows:

Vin(Ty1) = Vino + Tip(T1 — 300) (92)

where T}, is temperature coefficient. Vi is threshold voltage
at 300 K. T'yo dependent model of @), is obtained as

Ty

Qre(Ty2) = Qno ()k

300 ©3)

where k is temperature coefficient. Q)9 is reverse recovery
charge at 300 K. T'yo dependent model of softness factor S’ is

Tr2\¢
T = —J2
S(Tr2) = S (300)

where e is the temperature coefficient. Sy is S at 300 K.

(94)

VI. PARAMETER EXTRACTION

The stray capacitances Cgq1, Cga2, Cys1, Cus2 and the voltage
Viim are extracted from C-V curves based on the definition
presentedin Fig. 6. K, and X are estimated from the /-V curves of
the DUTs [11], [27]. Vi, can be extracted using dynamic transfer
curves presented in Fig. 9(a) or approximately estimated using
the gate charge curve I-V curves provided in the datasheet [4].
The internal gate resistances I2,; and I2;n) can be obtained
from the device datasheet or measured using a device analyzer.
The reverse recovery charge (J; can be extracted from reverse
recovery waveforms or obtained from the datasheet. The softness
factor S can be measured from reverse recovery waveforms or
estimated using the following:

2 dlp

20, dt
where dI/dt is the current slop used to obtain Q. t, is reverse
recovery time. The capacitance C, can be estimated by (6). The
coefficients T}y, ¢, k, and e can be extracted using (91)—(94).
The typical values of common source inductance L for various
device packages are presented in [4], [15], and [28]. L, can
also be extracted from the method presented in [27] or obtained
form the Spice model provided by the manufacturer. The power
loop inductance L,, can be estimated using turn-OFF dI /dt and
overshoot voltage [27]. The ac resistances 24 and 2, can be
estimated by fitting the switching oscillation waveforms. Using
the approach proposed in [29] and [27], a parameter optimization
can be performed to improve the accuracy of the parameters.

95)

VII. EXPERIMENTAL VALIDATION

To validate the proposed model, a 1200 V/60 A SiC MOSFET
C3M0040120K, 650 V/39 A SiC MOSFET IMZA65R048M 1H,
650 V/40 A SiC MOSFET C3MO0045065D, and 650 V/39 A
SiC MOSFET IMWG65R048M1H are used. Utilizing TO-
247-3 package, the C3M0045065D has Lg = 3.5nH and
IMW65R048M1H has Lg =2nH. The devices thereby
have HCSI. Utilizing TO-247-4 package with a Kelvin
source terminal, the C3M0040120K has Lg = 200pH and
IMZA65R048M1H has Ls = 100pH. LCSI conditions are
achieved for the devices.

Fig. 12 shows the double-pulse test fixture. Its equivalent
schematic circuit is shown in Fig. 2(a). In the test, the gate
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drive voltage Vi, of T} is switched at 18V/-4V. A coaxial shunt
resistor SSDN-414-01 is used to monitor the drain current /5. A
high voltage probe 10076C is used to measure the drain-source
voltage V. In this section, the analytically derived switching
waveforms and switching losses are compared with the experi-
mental data to validate the proposed model.

A. Transient Characteristics at Room Temperature

1) LCSI Condition: Figs. 14(a)—(d) and 15(a)-(d) compare
the experimental and analytical derived turn-ON and turn-
OFFwaveforms at room temperature for C3M0040120K and
MZA65R048M1H, respectively. The experimental data align
with the analytically derived switching waveforms. Since the
C3M0040120K and MZA65R048M1H have LCSI, the L, x
dI,/dt induced negative feedback action is very weak, which
causes continuous reduction of Vg at phase 1 of turn-ON tran-
sient. In Fig. 14(a)—(d), the phenomenon is captured by the
proposed model, which validates that the proposed model can
accurately predict Vs for SiC MOSFETs with LCSIL.

2) HCSI Condition: The experimental and analytical de-
rived turn-ON and turn-OFF waveforms of C3M0045065D and
IMW65R048M1H are compared in Figs. 14(e)—(f) and 15(e)-
(f). The comparison shows the analytically derived waveforms
agree with the test data.

As shown in Fig. 14(e)—(f), a plateau of Vg, is generated
in phase 1 of turn-ON waveforms. The C3M0045065D and
IMW65R048M1H have a few nanohenries of Lg and HCSI is
obtained. With HCSI, the Ls x dI;/dt induces a very strong
negative feedback action, which induces a constant dl;/dt to
generate the Vg, plateau. In Fig. 14(e)—(f), the Vs plateau pre-
dicted by the proposed model matches with the test data, which
validates that the proposed model can make accurate predictions
under the HCSI condition.

The high dI/dt and dV/dt of SiC MOSFETs excite severe
switching oscillations, as shown in Figs. 14 and 15. To make
the analytical model feasible, simplified equivalent circuits are
presented in Fig. 4(c) and (f) are used to model the oscillation.
However, since some physical operations like nonlinear capac-
itances and excess carrier dynamics in N-base are not included,
the simulated oscillations still show minor errors.

B. Temperature-Dependent Turn-oN Waveforms

To validate the temperature-dependent model, the turn-ON
waveforms the various temperatures are obtained. Fig. 16(a)
and (b) compares the analytical and experimental turn-ON wave-
forms of C3M0040120K when 77;; is 90°C and 130°C while
T ;o = 30°C. Fig. 16(c) compares the analytical and experimen-
tal turn-ON waveforms of C3M0045065D when T';; = 130°C
while 775 = 30°C. With the temperature-dependent model of
G, and V4, included, the T)j; dependence on turn-ON behavior
is captured by the proposed model.

Fig. 16(d) compares the analytical and experimental turn-ON
waveforms of C3M0040120K when T'y5 is 130°C while T =
30°C. Due to the temperature-dependent model of @, and S,
the impact of T'y5 is captured by the proposed model.
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Fig. 14.  Experimental and analytical turn-ON waveforms at room temperature with Rge = 10 €2: (a) C3M0040120K at 600 V/20 A, (b) C3M0040120K at
600 V/40 A, (¢) IMZA65R048M1H at 400 V/10 A, (d) IMZA65R048M1H at 400 V/20 A. (e¢) C3M0045065D at 400 V/10 A, (f) C3M0045065D at 400 V/20 A,
(g) IMW65R048M1H at 400 V/10 A, and (h) IMW65R048M 1H at 400 V/20 A.
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Fig. 15.  Experimental and analytical derived turn-OFF waveforms at room temperature with Rge = 10 €2: (a) C3M0040120K at 600 V/20 A, (b) C3M0040120K
at 600 V/40 A, (c) IMZA65R048M1H at 400 V/10 A, (d) IMZA65R048M1H at 400 V/20 A, (e) C3M0045065D at 400 V/10 A, (f) C3M0045065D at 400 V/20 A,
(g) IMW65R048M1H at 400 V/10 A, and (h) IMW65R048M1H at 400 V/20 A.
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Fig. 16. Experimental and analytical derived turn-ON waveforms: (a) C3M0040120K at 600 V/40 A with Ty; = 90°C and T’y = 30°C, (b) C3M0040120K at

600 V/40 A with T'y; = 130°C and Ty = 30°C, (c) C3M0045065D at 400 V/30 A with T'y; = 130°C and T’y = 30°C, and (d) C3M0040120K at 600 V/40 A
with T'y9 = 130°C and T’y = 30°C.



904

2500 . . 000+
@ oxpermont )

=== calculation — lculation

calulati o ssool

2000 Vi

a000

1500 2500 f

E,, (1)
£, (1)

2000}

1000
1500 |

1000 |
500

Fig. 17.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 40, NO. 1, JANUARY 2025

700 1200 -

@ experiment
=-=== calculation

600 -

@ experiment
-2 e ntaton
o o0
Aazow

500 - &

5 400F

Eg (1)

w300 -
200 f

100t

Comparison of experimental and analytically calculated switching losses of C3M0040120K at room temperature using 400, 600, and 800 V. (a) Turn-ON

losses using Rge = 10€2. (b) Turn-ON losses using Rge = 20 €. (c) Turn-OFF losses using Ry = 10 2. (d) Turn-OFF losses using Ry = 20 2.

@ experiment @ calculation
700 [=+===calculation 900 | [ ===s= experiment

€, ()

y,
faoov 250
fram2en |

@ calculation
=== oxpy

® 200
ooy |

7 Ea%

7

Eyy (1)

Fig. 18.

Comparison of experimental and analytically calculated switching losses of C3M0045065D at room temperature using 200, 300, and 400 V. (a) Turn-ON
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C. Comparison on Turn-oN and Turn-OFF Losses

The experimental and analytically derived turn-ON losses Fy,
and turn-OFFlosses Ey are obtained by the time integration on
Vs x I at switching transients. The error F of E,, and Ey is
obtained using the following:

_ |[Proposed model — Experimental data|

E -
Experimental data

(96)

Fig. 17 shows the comparison of experimental and analytically
derived turn-ON and turn-OFFlosses of C3M0040120K using
various Vg, (400, 600, and 800 V), I, (20, 30, 40, 50, and
60 A) and Ry (10€ and 202). Under each test condition,
the average error E, = E is calculated. The average error
FE, of the turn-ON losses is within 5.5%. For the turn-OFF
losses, the F, is below 6.9%. In Fig. 18, the turn-ON and
turn-OFFlosses of C3M0045065D using various Vg (200, 300,
and 400 V) and Iy, (10, 20, 30, and 40 A) and R, (102 and
20 Q) are obtained analytically and experimentally. The average
error F, is below 5.2% for turn-ON losses and 7.4% for turn-
OFFlosses. The switching loss comparison presented in Figs. 17
and 18 demonstrate that the proposed model accurately predict
turn-OFF and turn-ON losses of the SiC MOSFET under HCSI and
LSCI conditions.

Since the turn-ON behavior depends on junction temperature
T71 and T'yo. The turn-ON losses F,, depends on T'y; and T'jo.
Fig. 19 compares the experimental and analytically calculated
FEon of C3M0040120K at 600 V/40 A using various 7771 and
Tj5. The average error of the T';; and T;o dependent E,, are
0.6% and 1.5% and the proposed model accurately estimates the
temperature-dependent E,,.
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Fig. 19. Comparison of experimental and analytically calculated 7"y; depen-
dent Fy, and T'yo dependent E,, of C3M0040120K at 600 V/40 A.

VIII. CONCLUSION

In this article, an analytical model is proposed for SiC MOs-
FET. During the switching transient, the Cyq X dVg, /dt and
Ly x dI;/dt induced negative feedback mechanisms greatly
slow down the switching process. Due to the bipolar nature of
the SiC MOSFET body diode, the excess charge extraction of the
high-side body diode greatly affects the turn-ON behavior of the
MOSFETs. The voltage-dependent stray capacitances and the dy-
namic transfer characteristics are also critical for the switching
characteristics. These pivotal characteristics are included in the
model to derive a complete analytical model.

The junction temperatures 7’71 of low-side MOSFET and 7';5 of
high-side MOSFET have significant impact on the turn-ON behav-
ior. The temperature-dependent models of the transconductance,
Vin, Qrr, and S are thereby proposed to describe the temperature
dependence. In the end, comparison of the analytically derived
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and experimental data show that the proposed model can make
accurate predictions on the temperature-dependent switching
behavior and switching losses of SiC MOSFET.
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