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A Temperature-Dependent dVCE/dt and dIC/dt
Model for Field-Stop IGBT at Turn-on Transient

Peng Xue, Member, IEEE and Pooya Davari, Senior Member, IEEE

Abstract—In this paper, a complete expression for dVCE/dt
and dIC/dt at turn-on transient of field-stop (FS) insulated gate
bipolar transistor (IGBT) is proposed. With numerical simulation
utilized, the critical stray elements and internal physics which
have a significant impact on turn-on behaviour of FS IGBT are
identified. Based on the improved understanding on the turn-
on behaviour, the turn-on transient is divided into two phases
and the equivalent circuits of each phase are obtained. The
analytical expressions of dVCE/dt and dIC/dt during the turn-
on transient are thereby derived based on the equivalent circuits.
The temperature dependency on the turn-on characteristics of FS
IGBT is identified by the experimental data. The temperature-
dependent models of various device parameters are proposed to
describe the temperature dependency. In the end, the double-
pulse test is performed on a 650V FS IGBT and a 1200V FS
IGBT. The good agreement between the test and analytically
derived results validates that the proposed FS IGBT model can
accurately predict the dVCE/dt and dIC/dt during the turn-on
transient.

Index Terms—field-stop (FS) IGBT, collector-emitter voltage
falling rate, collector current rising rate, IGBT modeling, turn-
on.

I. INTRODUCTION

THE high-efficiency power conversion application requires
the power switch to operate with high switching fre-

quency. To meet the requirement, miscellaneous designs [1]–
[4] are proposed to improve the performance of the insulated
gate bipolar transistor (IGBT). As one of the most popular
solutions, the field stop (FS) concept is proposed in [3], [4]. In
the FS IGBT, a thin and lightly doped FS layer is introduced,
as shown in Fig. 1. The FS IGBT can just stop the electrical
field without reducing the emitter efficiently [3]. With the FS
layer utilized, the FS IGBT can achieve a better trade-off
relationship between the on-state voltage and switching losses
than the punch-through (PT) IGBT and non-punch-through
(NPT) IGBT [3]. Due to its merits, the FS IGBT quickly
becomes a mainstay among the mass IGBT market in recent
years.

With the FS layer utilized, the fast switching of the FS
IGBT generates a high collector-emitter voltage falling slope
(dVCE/dt) and collector current rising slope (dIC/dt) on
the device. Recently, the dVCE/dt and dIC/dt of the FS
IGBT arise great concern in industry and academia due to
the following reasons. Firstly, the high dVCE/dt and dIC/dt

The authors are with the Department of Energy, Aalborg University,
Aalborg East 9220, Denmark. (E-mail: pexu@energy.aau.dk).

This work was supported by the CLEAN-Power (Compatibility and Low
electromagnetic Emission Advancements for Next generation Power electronic
systems) project at the Department of Energy, Aalborg University, Aalborg,
Denmark, funded by Independent Research Fund Denmark (DFF).

Gate

Emitter

N+

P-Well

FS layer

P+
collector

lm

L

WB

Cce
Cgc

N-Base

 Depletion region boundary extension  

 Depletion region

WH

Fig. 1. Schematic structure of FS IGBT

give rise to high levels of electromagnetic interference (EMI)
for power converters. The dVCE/dt is the major source
of common mode EMI, whereas the dIC/dt is the main
source of differential-mode EMI [5]. The EMI noise induces
electromagnetic compatibility (EMC) problems for the power
converters [5]–[7] and can disrupt the converter operation in
the worst-case scenario. Secondly, the turn-on losses of the
device is a function of dVCE/dt and dIC/dt. The dVCE/dt
and dIC/dt are thereby very critical for the turn-on losses
estimation. Last but not least, the dVCE/dt and dIC/dt are
also found to be good thermo-sensitive electrical parameters
which reflect junction temperature of the IGBT [8]–[10]. The
dVCE/dt and dIC/dt are thereby the key for the junction
temperature measurement of IGBT [8]–[10].

Looking into the previous research on dVCE/dt and dIC/dt
modeling, most studies focus on the turn-off transient [9]–
[13]. Only a few research investigate the dVCE/dt and dIC/dt
during turn-on transient. The [14] proposed dVCE/dt and
dIC/dt models for IGBT during the turn-on transient. The
model is widely used for turn-on losses calculation [15]
and EMI modeling [5] for FS IGBT. In [16], a dVCE/dt
and dIC/dt model is also proposed for the turn-on transient
of IGBT. The model is used in [17]–[19] to calculate the
switching losses of IGBT.

The current dVCE/dt models proposed in [5], [14]–[19]
have a major drawback. In the models, the IGBT is considered
as a unipolar device during the turn-on transient. The impact
of excess carrier dynamics in the N-base on the dVCE/dt are
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Fig. 2. TCAD simulation during clamped inductive turn-on transient of FS IGBT: (a) Simulated turn-on waveforms with the definition of time T0 − T8 and
phases 1-3; (b) Simulated hole density profiles in the N-base at time T0 − T8.

not included. During the turn-on transient, the excess carrier
starts to build up in the N-base, which has a strong impact on
the voltage-falling process of IGBT [20], [21]. To accurately
predict the dVCE/dt during the turn-on transient, the excess
carrier dynamics must be included.

For the dIC/dt modeling, the current models [5], [14]–[19]
neglect a lot of circuit stray elements to simplify the model.
This can induce significant errors in the prediction since some
circuit stray elements can have a huge impact on the turn-on
behaviour. To derive accurate dIC/dt model, all the circuit
stray elements which have a significant impact on the dIC/dt
should be identified and included.

The goal of this paper is to derive a complete expression for
dVCE/dt and dIC/dt during the turn-on transient of FS IGBT.
The remainder of this paper is given as follows. In section I,
the turn-on behaviour of FS IGBT is analysed. The analysis
reveals the equivalent circuit of the two phases during the turn-
on transient. Based on the equivalent circuit, the analytical
dVCE/dt and dIC/dt model of FS IGBT is derived in section
III. In section IV, the temperature dependence on the turn-
on characteristics is identified. Various temperature-dependent
device parameters are used to model the temperature depen-
dency. In section V, the parameter extraction methods of the
proposed model are presented. In section VI, the double-pulse
test is performed to validate the proposed model.

II. CLAMPED INDUCTIVE TURN-ON BEHAVIOUR OF FS
IGBT

To derive the FS IGBT turn-on model, the internal and
external device operation during the turn-on transient should
be investigated. To achieve this, technology computer-aided
design (TCAD) numerical simulation is performed. Fig. 1
shows the structure of FS IGBT utilized, which defines the cell
width L, intercell width lm, N-base width WB and FS layer
width WH . In the TCAD model, L = 18µm, lm = 12µm,

WB = 63µm and WH = 6µm. The doping concentration of
N-base and FS layer is 9 × 1013cm−3 and 5 × 1015cm−3,
respectively.

Fig. 2a shows TCAD simulated clamped inductive turn-on
waveforms of gate-emitter voltage VGE , collector-emitter volt-
age VCE and collector current IC . In the simulated waveforms,
the time T0 − T8 are selected to investigate the excess carrier
dynamics. The excess carrier density in N-base and FS layer at
T0−T8 is presented in Fig. 2b. In Fig. 2a, the turn-on transient
is divided into phase 1 (starts at t1) and phase 2 (starts at t2).
The two phases are described as follows.

Phase 1) When VGE surpasses the Vth at t0, the phase 1
intimates. In this phase, the IGBT operates in the unipolar
mode since the excess carrier in the N-base is still depleted,
as shown in the excess carrier profile at T0, T1 and T2 in Fig.
2b. The increase of collector current IC is mainly supported
by the MOS channel electron current ICH . The IGBT can
thereby be modelled as a unipolar device in this phase. The
impact of excess carrier dynamics in the N-base on the turn-on
behaviour can be neglected.

Phase 2) The phase 2 starts at t1 when IC reaches to its
peak value IL+Irr, as shown in Fig. 2a. IL is the load current.
Irr is the peak reverse current of the high-side freewheeling
diode. In phase 2, the freewheeling diode starts to support
reverse voltage, which gives rise to the abrupt reduction of
Vce. In this phase, the excess carrier starts to build up in the
undepleted N-base, and the excess carrier profile at T3-T8 is
shown in Fig. 2b. The IGBT operate in the bipolar mode and
the excess carrier dynamics in the N-base should be considered
in the model.

Fig. 3a shows the typical half-bridge test circuit. In the
circuit, T1 and D1 are active IGBT and freewheeling diode. T2
and D2 are synchronous IGBT and freewheeling diode. RG
is the gate resistance. LP is the power loop stray inductance.
LE is the common emitter stray inductance. The equivalent
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Fig. 3. Typical half-bridge test circuit. (a) Half-bridge test circuit with stray inductances. (b) Equivalent circuit during phase 1. (c) Equivalent circuit during
phase 2.

circuits in phase 1 and phase 2 are derived and are given as
follows.

In phase 1, the IGBT T1 operates in unipolar mode and is
thereby modelled as a unipolar transistor. Fig. 3b shows the
equivalent circuit in phase 1. The capacitances CCE1, CGC1

and CGE1 are collector-emitter, gate-collector and gate-emitter
stray capacitances of T1. The collector-emitter CCE and gate-
collector CGC are modelled by (1) and (2), respectively.

CCE(VCE) =
εsiA(1− ai)√

2εsiVCE
qNB

(1)

CGC(VCE) =
εsiAai√
2εsiVCE
qNB

(2)

where εsi is the dielectric coefficient of silicon. A is the active
die area. NB is the doping concentration in the N-base. q is
the electron charge. ai is the area factor. With cell width L
and intercell width lm defined in Fig. 1, ai is expressed as:

ai =
(L− lm)

L
(3)

In Fig. 3b, the MOS channel electron current ICH is mod-
elled as a voltage-controlled current source. In this phase, the
MOS channel has to support high voltage and thereby operates
in the saturation region. ICH can thereby be expressed as [22]:

ICH = Gm(VGE − Vth) (4)

Where Gm is the MOS transconductance and Vth is the
threshold voltage.

In phase 2, the dIC/dt generates a very high voltage VE on
the common emitter stray inductance LE , as shown in Fig. 3b.
The VE counteract a part of gate drive voltage Vgg , which in
return slows down the dIC/dt. As a result, a negative feedback
process is achieved. To include the negative feedback action,
LE is included in the model. The dIC/dt also creates a voltage
on the power loop inductance LP , which give rise to the VCE
reduction in this phase. To model the dVCE/dt, LP should
also be considered.

Fig. 3c shows the equivalent circuit in phase 2. In this
phase, the excess carrier starts to build up in the undepleted
N-base and the IGBT is considered as the bipolar device.
As shown in Fig. 3c, the abrupt reduction of VCE generates
the displacement current ICG and Idisp on CGC and CCE ,
respectively. Due to excess carrier built-up, excess charge Q
in the undepleted N-base and FS layer increases. A capacitive
current IQ is thereby generated to support excess charge Q to
increase. The current components ICG, Idisp and IQ are very
critical and should be included in the model.

In phase 2, high dVCE/dt couples on the capacitance CCG
induce the displacement current ICG flowing through the gate
circuit, as shown in Fig. 3c. The ICG generates a voltage VG
on the gate resistor RG, which counteracts the gate driving
voltage VGG. This slows down the gate turn-on process, which
in return gives rise to a lower dVCE/dt. As a result, a negative
feedback process is achieved. The negative feedback action
has a huge impact on dVCE/dt and should be included in the
model.

In this model, the gate inductance is neglected. This is
because the gate loop inductance mainly affects the delay
time of the switching process [23]. The impact of gate loop
inductance on the dIC/dt and dVCE/dt is very minor [24].

Based on the equivalent circuits presented in Figs. 3b and
3c, the dVCE/dt and dIC/dt in phases 1 and 2 can be
obtained, which are presented in section III.

III. TURN-ON MODELING

A. Phases 1

Based on the equivalent circuit presented in Fig. 3b. the
circuit equations of phase 1 can be derived. According to
Kirchhoff’s voltage law (KVL), (5) can be derived for power
loop.

VDC = VCE + (LE + LP )
dIC
dt

(5)

In this phase, IC is mainly supported by the MOS channel
current ICH , then:

IC = ICH =Gm(VGE − Vth) (6)
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The gate current is supported by the displacement current
on the stray capacitances CGE and CGC , thereby:

IG = CGE1
dVGE
dt

+ CGC1
d(VGE − VCE)

dt
(7)

According to the KVL, (8) can be obtained for gate loop.

VGG = RGIG + VGE + LE
dIC
dt

(8)

Where RG is the gate resistor.

Combining the equations (5)-(8), the following equations
can be obtained:

α
d2IC
dt2

+ β
dIC
dt

+ IC = Gm(VGG − Vth) (9)

With α = (LE + LP )RGCGCGm, β = RG(CGC + CGE) +
LEGm.

To solve the (9), following initial conditions are needed.

IC(t = t0) = 0 (10)

dIC
dt

∣∣∣∣
t=t0

= 0 (11)

where t0 is the time in the beginning of phase 1, as shown
Fig. 2a.

With (10) and (11) utilized, (9) can be solved. The solution
of (9) depends on the relationship between LE and a threshold
value LE(th) given by:

LE(th) =
RG(CGC−CGE)+2

√
RGCGC(GmLP−RGCGE)

Gm
(12)

When LE > LE(th), the solutions of IC is given by:

IC=(VGG − Vth)(
Gmτ2
τ1 − τ2

eτ1(t−t0) +
Gmτ1
τ2 − τ1

eτ2(t−t0))

+Gm(VGG − Vth) (13)

Where the coefficient τ1 = (−β +
√
β2 − 4α)/2α. The

coefficient τ2 =(−β −
√
β2 − 4α)/2α.

The dIC/dt is thereby given by:

dIC
dt

=(Vgg−Vth)(
Gmτ1τ2
τ1−τ2

eτ1(t−t0)+
Gmτ1τ2
τ2−τ1

eτ2(t−t0))

(14)

When LE < LE(th), the solutions of IC is:

IC=eτatGm(VGG − Vth)(
τa
ω
sin(ω(t− t0))− cos(ω(t− t0)))

+Gm(VGG − Vth) (15)

where τa = −β/2α, and ω =
√

4α− β2/2α.

The dIC/dt is expressed as:

dIC
dt

= eτatGm(VGG − Vth)sin(ω(t− t0))(ω +
τ2a
ω

) (16)

When LE = LE(th), the solutions of IC is:

IC=eτatGm(Vgg − Vth)(τa(t− t0)− 1)

+Gm(VGG − Vth) (17)

tfts

ID

IL

Irr

tQRR

0.1Irr

Fig. 4. Reverse recovery current waveform.

The dIC/dt is given by:

dIC
dt

= τ2aGm(VGG − Vth)teτa(t−t0) (18)

In this phase, the dIC/dt generates a voltage on the stray
inductances LE + LP , which give rise to the VCE reduction.
The VCE and dVCE/dt can thereby be obtained by:

VCE = VDC − (LE + LP )
dIC
dt

(19)

dVCE
dt

= −(LE + LP )
d2IC
dt2

(20)

The phase 1 ends when IC reaches its peak value IL + Irr,
as shown in Fig. 2a. The peak reverse recovery current Irr
can be expressed by:

Irr =

√
2QrrdIC/dt|IC=IL

1 + S
(21)

Qrr is the reverse recovery charge. S = tf/ts is the softness
factor. Qrr, tf and ts are defined in Fig. 4.

B. Phase 2

In phase 2, the collector current IC of the low-side IGBT
is mainly determined by the reverse recovery behaviour of the
high-side freewheeling diode. Since the FS IGBT often use a
silicon p-i-n diode as its freewheeling diode, IC can thereby
be express by [25]:

IC = IL + IRR exp(− t− t1
TR

) (22)

Where TR is the reverse recovery time constant [25].
The dIC/dt can thereby be obtained by:

dIC
dt

= −IRR
TR

exp(− t− t1
TR

) (23)

As shown in Fig. 3c, the load current IL is supported by
IC and the displacement current on the output capacitance of
high-side IGBT COSS2. IL can thereby be expressed as:

IL=IC + COSS2
dVD2

dt
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≈IC + COSS2
dVCE
dt

(24)

The output capacitance COSS2 = CCE2 +CGC2. The CCE2

and CGC2 can be obtained by (1) and (2), respectively.

In (24), dVD2/dt ≈ dVCE/dt is assumed. In phase 2, the
freewheeling diode starts to support reverse voltage, its voltage
VD2 thereby increases reversely, which causes the reduction
of VCE . Therefore, dVCE/dt ≈ dVD2/dt can be assumed.

As shown in Fig. 3c, the collector current IC can be
expressed as:

IC = ICH + (CCE1 + CGC1)
dVCE
dt
− IQ (25)

Where IQ is the capacitive current due to the increase of excess
charge Q in the N-base and FS layer.

To calculate the IQ, the excess carrier dynamic in the N-base
and FS layer should be obtained. In phase 2, the excess carrier
flood in the undepleted N-base and FS layer. As shown in Fig.
2b, the excess carrier density in the FS layer at T3-T8 in phase
2 is 2× 1015− 2× 1016 cm−3, which is in the same order or
surpasses FS layer doping concentration (1015 − 1016 cm−3)
[3], [4]. Therefore, high-level injection assumption should be
adopted for the FS layer in the FS IGBT modeling [10], [20],
[26]–[28]. Fig. 5 defines the excess carrier density P0 at x =
WH in the N-base and excess carrier density PHW at x = WH

in the FS layer. Due to the high-level injection condition, the
P0 becomes very close to PHW , as shown in Fig. 2b. PHW ≈
P0 can be assumed to simplify the model [10].

During the turn-on transient, the excess carrier in the N-
base and FS layer can be assumed to be linearly distributed
[29], as shown in Fig. 5. With PHW ≈ P0, the excess carrier
p(x, t) in the N-base and FS layer can be expressed as:

p(x, t) = PH0(1− x

W +WH
) (26)

Where PH0 is the excess carrier density at x = 0. W =
WB − Wd is the undepleted N-base width. WB is the N-
base width. Wd is the depletion region width, which can be

Device heater and 
thermocouple 

T1

High voltage 
probe 

Gate driver 

Coaxial shunt 

Clamp

T2

Fig. 6. Double-pulse test fixture.

calculated by [30]:

Wd =

√
2εsiVCE
qNB

(27)

As shown in Fig. 5, the excess charge Q in the N-base and
FS layer can be derived:

Q = qA

∫ W+WH

0

p(x, t)dx =
qA(W +WH)PH0

2
(28)

The capacitive current IQ can thereby be calculated by (27)
and (28):

IQ=
dQ

dt
=
qAPH0

2

dW

dt

=−AεsiPH0

2WdNB

dVCE
dt

=−CQ
dVCE
dt

(29)

Where the CQ is the equivalent capacitance due to the excess
charge build up, which can be expressed as:

CQ =
AεsiPH0

2WdNB
(30)

To obtain the capacitance CQ, the PH0 should be obtained.
Due to the hole injection at FS layer/P+ emitter junction, the
PH0 achieves its static-state level and approximately maintains
constant in phase 2, as shown in Fig. 2b at T2-T8. The static-
state value of PH0 can thereby be used in (30) to model the
CQ. The solution of PH0 is presented in the Appendix.

To include the ICG induced negative feedback action, the
(31) is utilized.

VGE = VGG +RGCGC1
VCE
dt

(31)

Combing the (24), (25), (29) and (31), then dVCE/dt can
be obtained by:

dVCE
dt

=
IL −Gm(VGG − Vth)

CCE1 + CQ + COSS2 + CGC1(1 +GmRG)
(32)
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IV. TEMPERATURE DEPENDENCY ON THE TURN-ON
BEHAVIOUR

To identify the impact of temperature on the IGBT,
the double-pulse test is performed on a 1200V FS IGBT
IKW40N120CS6 and a 650V FS IGBT IKW40N65ET7. Fig. 6
shows the double-pulse test fixture. The corresponding circuit
schematic is given in Fig. 3a. In the test, a clamp is used
to attach the device to a heater, which is used to heat up
the junction temperature TJ1 of low-side IGBT T1 and the
junction temperature TJ2 of high-side IGBT T2. The heater
is integrated with a thermocouple, which can monitor the
junction temperature of the devices.

The double-pulse test is first performed to identify the
impact of junction temperature TJ1 on the turn-on behaviour
of FS IGBT. In the test, the TJ2 of the high-side IGBT is kept
at 30◦C, while the TJ1 of low-side IGBT is heated to various
temperatures (30◦C, 50◦C, 70◦C, 90◦C, 110◦C and 130◦C).
Figs. 7 and 8 show the experimental turn-on waveforms of
IKW40N120CS6 and IKW40N65ET7, respectively. It can be
noticed that TJ1 does not have a significant impact on the
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dIC/dt. With the increase in TJ1, dVCE/dt also does not
significantly change except for the stage when VCE drops to
tens of volts. This is because the excess carrier cannot fully
build up in the entire N-Base until VCE drops to tens of volts,
as shown in the excess carrier density profile in Fig. 2b at T5
- T8. In the stage when excess carrier built-up is achieved, the
TJ1 can affect the dVCE/dt since excess carrier lifetime is
temperature dependent. However, the impact is still relatively
minor and the impact of TJ1 on the turn-on behaviour is
neglected in this research.

The double-pulse test is also performed to identify the
impact of junction temperature TJ2 on the turn-on behaviour
of FS IGBT. In the test, TJ1 is set to 30◦C, while the TJ2
is heated to various temperatures range from 30◦C to 130◦.
Figs. 9 and 10 show the test results of IKW40N120CS6 and
IKW40N65ET7, respectively. With the increase of TJ2, the
excess charge in the N-base of the anti-paralleled pin diode
increases, which affects the reverse recovery behaviour of
the diode. As a result, the dIC/dt strongly depends on the
TJ2 in phase 2 when IC recovers from its peak value to
IL. The temperature dependency of dIC/dt on TJ2 should
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be considered. It should be noticed that TJ2 also has an
insignificant impact on dVCE/dt. As shown in Figs. 9 and
10, the dVCE/dt slightly reduces with the increase of TJ2.
However, since the reduction is relatively tiny, the temperature
dependency of dVCE/dt on TJ2 is thereby neglected.

To include the temperature dependency of dIC/dt on TJ2 in
phase 2, the temperature-dependent model of reverse recovery
charge Qrr and softness factor S are utilized. The Qrr
increase with the increase of junction temperature and can
be described by (33) [31].

Qrr(TJ) = Qrr0(
TJ
T0

)α (33)

Where α is the temperature-dependent coefficient. Qrr0 is
reverse recovery charge at T0.

With the increase of junction temperature, the softness
factor also increases. In this study, the softness factor S is
described by:

S(TJ) = S0(
TJ
T0

)β (34)

Where β is the temperature-dependent coefficient. S0 is the
softness factor at T0.

V. PARAMETER EXTRACTION

In order to use the proposed model, the model parameters
should be extracted. Table I shows the parameter extraction
methods. In this study, the die area A is obtained by direct
measurement. The IGBT parameters hp, WH , Vth, Gm, ai,
WB , NB and τ , are extracted based on the method presented
in [32]–[34]. The diode parameters TR, Qrr0, S0, α and β
are extracted from the reverse recovery waveforms of the
antiparallel diode [25], [35], [36]. The stray inductances LE
and LP are extracted based on the methods proposed in [32],
[37], [38].

VI. EXPERIMENTAL VALIDATION

In this section, the double-pulse test is performed on
a 1200V/40A FS IGBT IKW40N120CS6 and a 650V/40A
FS IGBT IKW40N65ET7. The double-pulse test fixture and
equivalent schematic circuit utilized are presented in Figs. 6
and 3a, respectively. The low-side gate drives Vgg1 switches
with 15V/0, whereas the high-side gate drives Vgg2 is set to
0V. A 500 MHz high voltage probe 10076C is used to measure
the collector-emitter voltage VCE . The collector current IC is
measured by a 400 MHz coaxial shunt resistor SSDN-414-01.
In the test, various values of DC-bus voltage, load current and
junction temperature are utilized to obtain the experimental
waveforms of VCE and IC . Based on the proposed model, the
VCE , IC , dVCE/dt and dIC/dt are also analytically derived
and compared with the experimental data.

A. Comparison on Turn-on Transient Characteristics at 30 ◦C

At first, the double-pulse test is performed on the FS
IGBT IKW40N120CS6 at 30◦C. In the test, the gate resistor
RG = 10Ω, the DC-bus voltage VDC = 600V and the
load current IL is set to 20A, 30A and 40A. Based on the
proposed FS IGBT turn-on model, the turn-on waveforms of

TABLE I
PARAMETER EXTRACTION

Parameters Extraction method
A Open the package and measure.

Vth, Gm From I-V characteristic curves [32].

ai
From the reverse transfer capacitance Cres

and output capacitance Coss [32].

hp

The empirical range of hp0 is
10−14 − 10−12cm4s−1 [33].

Accurate values can be extracted
by tail current [32]

WB and NB From breakdown voltage [32].

NH

WH is about 4− 10µs [3], [4].
Accurate values can be

extracted by tail current [32]

τ
From decay rate of

tail current [32], [34].
TR, Qrr0, S0,
α and β

From the reverse
recovery waveforms [25], [35], [36].

LE

Typical value of LE is presented
in [37]. Accurate values can be extracted
by the methods proposed in [32], [38].

LP
From dIC/dt and overshoot voltage

at turn-off transient [32].

IKW40N120CS6 at 600V/20A, 600V/30A and 600V/40A at
30◦C are obtained. Fig. 11 compares the experimental and
analytical derived waveforms and good agreement is obtained.

At 30◦C, the double-pulse test is also performed on the
FS IGBT IKW40N65ET7 with VDC = 300V and IL set to
20A, 30A and 40A. The experimental and analytical derived
waveforms of IKW40N65ET7 are compared in Fig. 12 and
good agreement is obtained. In Figs. 11 and 12, the good
match between analytically derived results and test data proves
that the proposed FS IGBT model can provide reasonable
prediction on the turn-on behaviour of FS IGBT.

B. Comparison on Turn-on Transient Characteristics at Vari-
ous Temperatures

To validate the temperature dependency of the proposed
model, the double-pulse test is also performed with the various
junction temperatures utilized. Fig. 13 compare the analyti-
cal derived and experimental waveforms of IKW40N120CS6
when TJ2 is set to 80 ◦C and 130◦C. The analytical derived
results agree with the experimental turn-on waveforms of
IKW40N120CS6.

Fig. 14 shows the experimental and analytical derived turn-
on waveforms of IKW40N65ET7 with various TJ2 utilized.
The experimental data of IKW40N65ET7 agree with the ana-
lytical derived results. The good agreements of the analytical
and test results validate the proposed FS IGBT model can
capture the temperature dependency on the turn-on behaviour
of FS IGBT.

In Figs. 11-14, an oscillation occur when the IC snaps back
from its peak value to IL. The oscillation is related to the
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Fig. 11. The experimental and analytical derived waveforms of
IKW40N120CS6 with RG = 10Ω at (a) 600V/20A. (b) 600V/30A. (c)
600V/40A.

resonance of circuit stray elements and residual excess charge
redistribution in the N-base of the freewheeling diode. During
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Fig. 12. Comparison of experimental and analytical derived waveforms
of IKW40N65ET7 with RG = 10Ω at (a) 300V/20A. (b) 300V/30A. (c)
300V/40A.

the turn-on transient, the high-side freewheeling diode has
to support reverse voltage and its depletion region in the N-
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Fig. 13. The experimental and analytical derived 600V/20A turn-on wave-
forms of IKW40N120CS6 with RG = 10Ω when TJ2 sets to (a) 80◦C. (b)
130◦C.

base extends. The residual excess charge in the N-base has to
redistribute, which generates strong effective damping on the
oscillation. Due to the damping effect, the oscillation quickly
attenuates and thereby has a relatively minor impact on the
switching behaviour. As a result, the oscillation is neglected
in this research.

C. Comparison on dVCE/dt and dIC/dt

Figs. 15 and 16 compared the experimental and calculated
dVCE/dt of IKW40N120CS6 and IKW40N65ET7. In Fig.
15, the dVCE/dt is extracted from the test waveforms of
IKW40N120CS6 presented in Figs. 11 when VCE equals
100V, 200V, 300V and 400V. With the test waveforms of
IKW40N65ET7 presented in Fig. 12 utilized, the dVCE/dt
is extracted when VCE equals 50V, 100V, 150V and 200V,
as shown in Fig. 16. At each VCE level, the dVCE/dt is
also calculated based on the proposed model. The error of
the proposed model can be obtained by (35).
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Fig. 14. The experimental and analytical derived 300V/20A turn-on wave-
forms of IKW40N65ET7 with RG = 10Ω when TJ2 sets to (a) 80◦C. (b)
130◦C.

Error =
Proposed model− Experimental data

Experimental data
(35)

As shown in Figs. 15 and 16, the errors of calculated
dVCE/dt are within 9% for IKW40N120CS6 and 14% for
IKW40N65ET7. The test results agree with the calculated
values of dVCE/dt.

Figs. 17 and 18 compares the experimental and analytical
calculated dIC/dt of IKW40N120CS6 and IKW40N65ET7.
The dIC/dt is extracted at different IC levels depending
on the load current IL. When IL = 20A, the dIC/dt is
extracted at 5A, 10A, 15A and 20A. When IL = 30A,
the dIC/dt is extracted at 7A, 14A, 21A and 28A. When
IL = 40A, the dIC/dt is extracted at 10A, 20A, 30A and
40A. At each IC level, the dIC/dt is also calculated based
on the proposed model. The comparison shows the errors of
calculated dIC/dt are within 5% for IKW40N120CS6 and 9%
for IKW40N65ET7. The calculated values of dIC/dt agree
with the test data.
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D. Comparison on Turn-on losses

Based on the experimental and analytical derived turn-on
waveforms, turn-on losses Eon are calculated by the time
integration on the products of VCE and IC . The error of the
calculated results are also obtained.

Figs. 19 and 20 show the experimental and analytical
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calculated turn-on losses of IKW40N120CS6 utilizing various
VDC (400V, 600V and 800V) and RG (10Ω and 20Ω). It
can be noticed that the calculated Eon is very close to the
experimental data. The difference between the experimental
and calculated Eon is within 9%.

Figs. 21 and 22 show the experimental and analytical
calculated turn-on losses of IKW40N65ET7 utilizing various
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VDC (200V, 300V and 400V) and RG (10Ω and 20Ω).The
difference between the experimental and calculated Eon is
within 10%.

Fig. 23 compares experimental and analytical calculated
turn-on losses of IKW40N120CS6 when TJ2 is 30◦C, 80◦C
and 130◦C with VDC = 600V and RG = 10Ω. In Fig. 24,
the experimental and analytical calculated turn-on losses of
IKW40N65ET7 when TJ2 is 30◦C, 80◦C and 130◦C with
VDC = 300V and RG = 10Ω are presented. The difference
between the experimental and calculated Eon is within 9%.
The turn-on losses comparison shown in Figs. 19 - 24 validate
that the proposed model can make an accurate prediction on
the turn-on losses of FS IGBT.

In Fig. 21, the calculated turn-on losses of IKW40N65ET7
has maximum error (9%) at 300V/20A. To show the origin of
the error, the related power waveform (IC × VCE) is plotted,
as shown in Fig. 25. In the power waveform, errors occur in
the regions A1, A2 and A3. The error in region A1 is due
to the discrepancy between the calculated and experimental
dIC/dt and Irr in the region. The oscillation of IC in the
experimental waveforms gives rise to the error in region A2.
In region A3, the error is induced by the discrepancy between
the calculated and experimental dVCE/dt. Despite the errors,
the calculated power waveform agrees with the test result in
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the other phases of the turn-on transient.

E. Comparison of the proposed and previous IGBT models

With various critical internal and external device physics
included, the proposed model should have better accuracy
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compared to the previously proposed IGBT models. To vali-
date this, the proposed model is compared with the previous
IGBT models. In the previous research [5], [14]–[19], (36) is
widely utilized to model the dVCE/dt at turn-on transient.

dVCE
dt

= −Vgg − Vth − IL/Gm
CGCRG

(36)

Fig. 26 compares this dVCE/dt model with the proposed
model. It can be noticed that the proposed model is much
more accurate than the previous model. The dVCE/dt derived
by (36) is much steeper than the test data. This is mainly
because the previous model does not include capacitive current
IQ generated by the excess carrier built-up in the N-base and
FS layer. The lack of considering the displacement current on
the COSS2 and CCE1 also contribute to the error.

In the previous research, two dIC/dt models are widely
utilized for IGBT turn-on modeling. The model #1 proposed
in [16]–[19] is expressed as:

dIC
dt

= Gm
Vgg − Vth − IP /2Gm

(CGC + CGE)RG
(37)

The model #2 proposed in [5], [14], [15] is given by:

dIC
dt

= Gm
Vgg − Vth

(CGC + CGE)RG +GmLE
(38)

Fig. 27 compares the proposed model, model #1 and model
#2. It can be noticed that model #1 is very inaccurate. This is
because the model #1 does not consider the negative feedback
action induced by the LE . With LE included, the model #2
can provide a much more accurate result than that of the model
#1. However, compared with the proposed model, the model
#2 still has a significant error. This is because the proposed
model includes all the stray elements which have a significant
impact on the dIC/dt.

VII. CONCLUSION

The contribution of this paper is the introduction of a
complete expression of dVCE/dt and dIC/dt at the turn-on
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Fig. 27. Comparison between previous and proposed dIC/dt model at turn-
on transient.

transient of FS IGBT. The proposed FS IGBT model considers
the internal device physics like the excess carrier built-up in
the N-base and FS layer. All the critical external stray elements
are also considered in the model. Based on the double-pulse
test, the reverse recovery charges Qrr and softness factor S
are identified to be pivotal temperate-dependent parameters.
The temperature-dependent model of Qrr and S are thereby
proposed to include the temperature-dependent effect.

In the end, the proposed model is validated by the double-
pulse test performed under a wide range of test conditions. The
comparison of the analytical derived and experimental results
verifies the accuracy of the proposed model. The proposed
model is also compared with the currently available IGBT
model, which demonstrates the proposed model can provide a
much more accurate prediction than the previous models.

APPENDIX
FS LAYER EXCESS CARRIER DENSITY PH0

Under static state, the excess carrier p(x, t) in the N-base
and FS layer can be expressed as [10]:

p(x, t) = PH0
sinh[(WB +WH − x)/L]

sinh((WB +WH)/L)
(39)

Where L =
√
Dτ . τ is the carrier lifetime in the N-base. D is

the ambipolar diffusion coefficient. The electron current In0
is expressed as:

In0=
bIL

1 + b
+ qAD

∂p(x, t)

∂x

∣∣∣∣
x=0

=
bIL

1 + b
− qADPH0

L
coth(

WB +WH

L
) (40)

Where b = µn/µp. µn and µp are the election and hole
mobilities of silicon.

The electron current In0 is generated due to the minority
carriers recombination and can also be expressed as [39]:

In0 = qAhpP
2
H0 (41)
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Where hp is the recombination parameter at the P+ emitter.
Combining equations (40) and (41), the PH0 can be solved

as:

PH0 =
K

2hp
(

√
1 +

4bhpIL
(1 + b)qAK2

− 1) (42)

Where

K =
D

L
coth(

WB +WH

L
) (43)
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