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Modeling Turn-OFF Process of High-Power IGBT
Based on Both Quasi Static and Nonquasi
Static Assumptions

Xin Liu", Litong Wang

Abstract—The calculation for carrier distribution in the quasi-
neutral base region is necessary for modeling the turn-OFF process
of an insulated gate bipolar transistor (IGBT). The carrier dis-
tribution difference between quasi static (QS) and nonquasi static
(NQS) conditions and its influences on turn-OFF characteristics of
a high-power IGBT are worthy of further study. In this article, the
carrier distribution differences between QS and NQS conditions
in different turn-OFF stages are first analyzed. In addition, based
on the derived conclusions, a novel method modeling the turn-OrF
process of high-power IGBTs is further proposed. In the method,
the turn-OFF process before the collector—emitter voltage increases
to the direct current (dc) voltage is modeled under the QS condition.
In contrast, after the collector—emitter voltage increases to the dc
voltage, the turn-OFF process is modeled under the NQS condition.
Subsequently, the method is verified by comparisons with popular
models and experiments. By adopting both QS and NQS assump-
tions, the proposed method can simplify the calculation and avoid
considering the two-dimensional carrier distribution effect in the
base. The method is implemented into SABER circuit simulator
with MAST language and shows a high accuracy and considerable
calculation efficiency.

Index Terms—Behavioral model, excess carrier distribution,
finite differential method, high-power insulated gate bipolar
transistor (IGBT), quasi static (QS) and nonquasi static (NQS)
assumptions.

1. INTRODUCTION

ODELING the high-power insulated gate bipolar tran-
M sistor (IGBT) turn-OFF process is helpful for predicting
the overvoltage problem, the turn-OFF loss, and EMC problem.
Based on the modeling methods for IGBTs, the available models
can be classified into three categories: behavioral model, mech-
anism model, and mixed model of behavior and mechanism [1].

The behavioral models produce the target device port char-
acteristic waveforms under specific working conditions. Then,
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the electromagnetic disturbance or power dissipation problems
in the application circuit can be predicted using the models
[2]-[6]. The mechanism models are derived based on semicon-
ductor physics. These models have relatively good accuracy and
predictability, which has a good guiding significance for the
design and application of the devices. Aimed at simplicity, the
mixed models of behavior and mechanism are mainly based on
semiconductor physics while combining behavioral models for
some components [7].

Both the mechanism and mixed models need to calculate the
carrier distribution in the quasi-neutral base region, which is
governed by the ambipolar diffusion equation (ADE). There are
three inevitable issues for the carrier distribution calculation in
the turn-OFF process.

First, when calculating the carrier distribution during turn
OFF, the existing models are mainly based on the nonquasi
static (NQS) assumption [7]. That is to say, when the excess
carrier change time cannot be ignored compared with the short
switching time, the dynamic transition process of carrier change
should be described.

Hefner compared and analyzed the differences between quasi
static (QS) and NQS conditions in modeling the turn-OFF pro-
cess, and concluded that the calculation should be performed un-
der NQS condition [8]. The rapid change rate of the quasi-neutral
base region width dW/dt is critical for the significant difference
in carrier distributions between QS and NQS conditions [8].
Therefore, adopting QS assumption to model the transient pro-
cess of IGBTs will lead to large errors. However, this conclusion
is aimed at low-power IGBTs. High-power IGBTSs have a large
current conduction capacity and high withstand voltage. The
chip structure shows some differences from that of low-power
IGBTs. The active chip sizes in high-power IGBTs are larger
than those of low-power IGBTs, which bring about larger ca-
pacitances between device terminals. The large capacitances will
reduce the turn-OFF speed of high-power IGBTs. Therefore,
the change rate of the quasi-neutral base region width dW/d¢
during turn OFF is far less than that of low-power devices. In
addition, the excess carriers were swept out to the buffer layer
quickly during turn OFF by introducing the buffer layer. Then, the
excess carriers can recombine and disappear much more quickly,
which also contributes to a relatively small difference in carrier
distributions between NQS and QS conditions. Considering the
chip structure differences between low-power and high-power
IGBTs, it is necessary to discuss this conclusion further.
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Second, with the gate structure optimization in high-power
IGBTs, the excess carrier capacity in high-power IGBTs is
improved to enhance the conductivity modulation and increase
the current conduction ability. As a result, at the beginning
of the turn-OFF process, the depletion region expands around
the gate region, and the carriers show a two-dimensional (2-D)
distribution effect [10]-[14]. However, the accurate calculation
for carrier 2-D distribution depends on the chip gate structure
parameters, which increases the difficulty for device application
engineering.

Last, during the working process of high-power IGBTs, the
range of working current is extensive, and the variation range
of excess carrier concentration in the quasi-neutral base region
also increases. The modeling for high-power IGBTs needs to
adapt to all injection levels.

In addition, modeling the carrier 2-D distribution and all
injection levels for high-power IGBTs will significantly increase
the amount of calculation, which also increases the difficulty for
device application engineering.

The main methods in existing literature for modeling the
carrier distribution can be classified into three main categories
as follows:

1) Based on the results derived by the finite-element method,
the carrier distribution is approximately described by
specific functions [15]-[20]. The common functions in-
clude linear function, exponential function, trigonometric
function, and hyperbolic function. This method is simple
and computationally efficient, but it is more suitable for
specific devices or specific working conditions and has
limitations for all injection levels.

2) Fourier-series-based models: The excess carrier distribu-
tion is first discretized by the Fourier series shown in
(1) [21], [22]. Then, the related coefficients in (1) are
determined, and the carrier distribution is obtained by
combining the ADE. The traditional Fourier-series-based
model is only suitable for high injection levels, and it is
improved for adapting to all injection levels [23]. How-
ever, these Fourier-series-based equations in [23] are too
complex and not applicable to circuit simulation

km (z — 1)

T2 — 1 ]

ey

where Ap is the excess hole concentration; x; and x5 are

the left and right boundary of the quasi-neutral base region,
respectively; and Apy, are the coefficients to be solved.

3) The excess carrier distribution is discretized by piece-
wise linearization. This method mainly includes the finite
differential model [24], [25], the lumped-charge model
[26]-[29], and the finite-element model [30]—[33].

The calculations for carrier distribution in the existing finite
differential models are confined to 1-D and high-level injection
conditions. The hole and electron current density equations and
continuity equations, not the ADE, are directly solved in the
lumped-charge model. This calculation method is convenient
to realize circuit simulation, but has limitations for engineering
applications because it puts high requirements for the model

M-1
Ap (z,t) = Apg (1) + Z Apy, (t) cos [
k=1
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Fig. 1. Typical equivalent circuit model of an IGBT.

needed parameters, which are difficult to be extracted by existing
methods. By comparison, the finite-element method aims at
solving the ADE, which is the same as the 1) and 2), and
is more widely used by some commercial software. However,
after the finite-element method discretizes the ADE equation,
the complex calculus involved in the discrete equations are
usually solved based on numerical methods, which substantially
increases the computational complexity.

In light of these problems, we further study the turn-OFF
process model of high-power IGBTs. In Section II, this article
first analyzes the carrier distribution differences between QS
and NQS conditions in different turn-OFF stages. It determines
the applicable turn-OFF stages of QS and NQS assumptions. In
Section III, based on the derived conclusions, a novel method
for modeling the turn-OFF process of high-power IGBTs is
proposed. In the method, the QS and NQS assumptions are
both adopted to model different turn-OFF stages for the re-
quirements of accuracy and simplification. In Section IV, the
method is preliminarily verified by experiments. In addition, a
further comparison with the popular high-power IGBT models
is performed and the advantages of this method are proved. The
proposed model can be a convenient tool to predict the turn-OFF
characteristics of high-power IGBTs.

II. ANALYSIS FOR EXCESS CARRIER DISTRIBUTION OF
HIGH-POWER IGBTS DURING TURN OFF

The typical equivalent circuit of an IGBT is shown in Fig. 1
[15], where a controlled current source i, and a metal-oxide
semiconductor field-effect transistor (MOSFET) are used to de-
scribe the hole and electron current, respectively. A diode is
connected in series with the MOSFET, and its voltage uq rep-
resents the voltage drop from collector to base; C, E, and G
refer to the collector, emitter, and gate, respectively; D refers
to the drain of the MOSFET; Cgq is the gate—drain nonlinear
capacitance; Cggj is the drain—emitter nonlinear capacitance; Cge
is the gate—emitter capacitance; Ry i the driving resistance
when the IGBT turns OFF; ugq is the gate—drain voltage; uy is
the gate—emitter voltage; 1, is the drain—emitter voltage; uc, is
the collector-emitter voltage; U, is the pulse driving voltage; i,,
is the electron current; iy, is the hole current at emitter side; i is
the collector current; 7,,,0¢ is the MOSFET or channel current; ig
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Fig. 2. Typical voltage and current waveforms during turn OFF.

and izq are the gate current and current between gate and drain,
respectively.

According to Fig. 1, we can divide the circuit into four parts:
diode part, MOSFET part, hole current part, and capacitances part.
The diode part has a close relationship with the carrier distribu-
tion due to the conductivity modulation effect. The influence
of excess carrier distribution on the MOSFET part and the hole
current part can be described by the boundary condition as [21]

@ - L (imos _ Z_p) )
or |,_w 2¢A\D, D,

where 0Ap/Ox|,—w is the excess carrier concentration gradient
at the emitter side; ¢ is the electronic charge; D,, and Dy, are the
electron and hole diffusivities, respectively; and A is the device
active area.

As for the capacitances part, the Cqg; is taken as an example
and it can be calculated by as [15]

Cdsj = (A - Agd) chgsi/ (2Ude) 3)

where A4 is the gate—drain overlap area; €; is dielectric constant
of silicon; and NV, is the space charge region carrier concentra-
tion. That is [34]

Ne = Nu +ip/ (qAvy) —

Z.mos/ (qAUn) 4

where Ny, is the doping density in the base; and v}, and v,, are
the electron and hole velocity, respectively.

According to (4) and the relation of i,,,s and excess carrier
distribution shown in (2), the capacitances part also closely
relates to the excess carrier distribution.

Therefore, the calculation for excess carrier distribution is the
core part for modeling an IGBT turn-OFF process.

Fig. 2 shows the typical turn-OFF transient current and voltage
waveforms of a high-power IGBT under double pulse experi-
mental conditions. According to the turn-OFF mechanism, this
article divides the turn-OFF process into four stages.

Combining the four parts in Fig. 1 and the turn-OFF stages
in Fig. 2, we analyze the excess carrier distribution difference
between QS and NQS assumptions and its influence on turn-OFF
characteristics.
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Fig. 3. Chip cross-section structure and expansion of depletion region during
turn OFF. (a) Wq < Dg. (b) Wq > Dg.

Stage I (t1—t2): In the first stage, the IGBT is working in the
saturation state; and with decreasing gate voltage u,, the device
approaches the desaturation state.

Stage II (f2—t3): The device starts to work in the desaturation
state at 7. In this stage, the discharge in the gate terminal brings
the expansion of the depletion region and an increase in voltage
Uce at the same time.

Fig. 3 shows the chip cross-section structure and expansion of
the depletion region [34]. In Fig. 3, D, is the distance from the
bottom of the trench gate to the P-base; Wy is the width of the
depletion region; Wis the width of the quasi-neutral base region;
Wi, is the width of the low-doped base (LDB) region; Wy is the
width of the buffer layer or field stop (FS) layer; Ny, is the doping
concentration in the LDB; and Ny is the doping concentration
in the buffer layer. Fig. 3(a) and (b) shows the depletion region
with Wq < Dg and Wq > D, respectively. When Wy equals Dy,
the voltage u., at t3 is represented by Uy in Fig. 2.

Meanwhile, as Fig. 3(a) shows, the excess carrier concentra-
tion has a nonzero value under the gate overlap, and carriers
show a 2-D distribution effect around the gate region.

According to Fig. 1, the voltage u.. mainly consists of the
diode voltage u 4 and the voltage across the capacitance Cg;. The
voltage across the capacitance Cgs; equals the voltage across the
depletion region shown in Fig. 3.

According to the above analysis, the diode voltage ug4, the
electron current, hole current, and capacitances all closely relate
to the excess carrier distribution. The excess carrier concentra-
tion gradient at the emitter side can be approximately expressed
as [8]

dAp 2 w

- 7qAW2Q 3q ADWQT ®)

Ox =W

According to (5), the excess carrier distribution is closely
related to the change rate of quasi-neutral base region width
dW/dt. The larger dW/dr will significantly influence the carrier
distribution. Under QS assumption, the dW/dt is assumed as 0.
Therefore, the dW/dr will cause a definite difference between the
excess carrier distributions under QS and NQS assumptions.
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Because of the Miller effect, the gate voltage ug. in Fig. 1
shows small changes. Therefore, the increase in voltage across
the depletion region is mainly determined by the capacitances
Cgq and Cggj. The gate-drain nonlinear capacitance Cgq is [15]

Cuy = { Cgdo Uge < Uge — Ura ©)
g Coxdcgdj/ (Coxd + ngj) Ude = Uge — Utq

where Urq is the drain—gate overlap depletion threshold volt-
age; Cgqj is the gate—drain nonlinear capacitance; Cyqp is the
capacitance when uge < tge+Urq, that is, Wg < D, and this
stage corresponds to Fig. 3(a). The Cyqp is mainly determined
by the gate oxide capacitance Coyxq.

AtstageIl, considering that the capacitance C,q is much larger
than the capacitance Cgs;j, the change in voltage u.. is mainly
determined by the larger one Cyq. That is, the voltage uc. in
this stage is primarily determined by the gate oxide capacitance
Coxd Which is related to the chip size and has a relatively large
value for high-power IGBTs.

Therefore, the capacitance Cgsj; shown in (3) can be ap-
proximately calculated with N. = Ny, in stages I and II when
performing the modeling. This treatment reasonably avoids the
influence of hole and electron currents on the calculation for
Cys;j and can simplify the model.

In addition, the capacitance Cyq in this stage is relatively large,
and the change rate of the quasi-neutral base region width dW/d¢
is low. According to (5), this feature contributes to a small carrier
distribution difference between QS and NQS assumptions.

Stage III (#3—t4): When Wy is greater than D,, shown in
Fig. 3(b), the capacitances Cyq and Cg4sj become relatively small,
and the voltage u.. starts to increase rapidly. When the voltage
e increases to the direct current (dc) voltage Ug. at t4, the
current i, decreases rapidly.

The voltage across the depletion region is much greater than
the diode voltage in this stage. Therefore, the change in voltage
uce is mainly affected by the capacitances Cgq and Cgyg;.

Referring to (6), the gate—drain nonlinear capacitance Cgyq is
determined by the gate oxide capacitance Coyq and Cgq;j in this
stage. The gate—drain nonlinear capacitance is [32]

Cogj = Aga \/M' €

From (3), (4), and (7), we can see that the influence of carrier
distribution on capacitance Cgqj and Cys; is described by the term
ip/(gAVL) — imos/(gAvy), and the larger current ratio ines/ice
contributes to the less influence on the capacitances.

Due to the large voltage change rate du../dt in this stage,
the carrier distributions must show a larger difference between
QS and NQS assumptions than stages I and II. However, for
high-power IGBTs, the deeper and wider trench gate and buffer
layer technologies can bring about some special characteristics
to the excess carrier distribution as follows:

1) By optimizing the gate structure rather than increasing
the excess carrier lifetime [9], the excess carriers accu-
mulate in the gate region with a relatively small excess
carrier lifetime. This technology in high-power IGBTs
brings about a small ON-state voltage drop and a rapid
decrease of excess carriers after Wy > Dg. Compared with
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stages I and II, due to the lack of carrier accumulation
effect offered by the trench gate structure, the excess
carrier concentration at the emitter side remains low.
This feature contributes to realizing a larger current ratio
imos/ice and smaller influence of i,,/(gAv) — imos/(gAVYL)
on the concentration N.. Therefore, this feature can re-
duce the influence of the excess carrier difference be-
tween NQS and QS assumptions on capacitances Cgq
and Cygs;.

2) By introducing a buffer layer, the forward-blocking volt-
age can be supported by a thinner N-base region [9]. As
a result, with the increasing voltage u.. during turn OFF,
the excess carriers were quickly swept out to the buffer
layer. The excess carriers in the buffer layer can recombine
and disappear much more rapidly. In addition, after the
depletion region reaches the buffer layer, the change rate
of quasi-neutral base region width dW/dz will significantly
decrease due to the large doping concentration Ny in
the buffer layer. Therefore, the buffer layer technology
also contributes to a slight difference in excess carrier
distributions between QS and NQS assumptions.

Therefore, the two features of high-power IGBTs are likely
to slightly influence the excess carrier distribution difference
between QS and NQS assumptions in modeling the turn-OFF
process.

Stage IV (after 74): A current oscillation or a tail current
will occur in this stage. The characteristics in this stage are
determined by the excess carriers in the quasi-neutral base region
and have a close relationship with the capacitances and the
hole current. If few or no base excess carriers remain when the
channel current i, is close to zero, the current oscillation will
occur easily [34]. The current oscillation originates from the
coupling of capacitances in the device and the stray inductances
in the application circuit. If some excess carriers remain, the
slow recombination of the remaining excess carriers will result
in a tail current [34], [35]. The tail current in this stage affects
the turn-OFF peak voltage and losses. Under the QS assumption,
the excess carriers disappear with the shut off of the channel
current, and no remaining excess carriers form the tail current.
Therefore, the carrier distribution in stage [V must be calculated
with NQS assumption.

The conclusions about the excess carrier distributions in dif-
ferent turn-OFF stages are summarized as follows:

1) Instages I and II, because the capacitance Cgq is relatively
large and then the voltage change rate duc./dz is small,
the excess carrier distributions show a slight difference
between QS and NQS assumptions. In stage III, before the
depletion region reaches the FS layer, the excess carrier
concentration at the emitter side is usually low. After the
depletion region reaches the FS layer, the change rate of the
quasi-neutral base region width dW/dr will significantly
decrease. The two features benefit from the trench gate
and FS layer technologies in high-power IGBTs and bring
about a slight carrier distribution difference between QS
and NQS assumptions. Therefore, before the voltage u
increases to the dc voltage Ug., the turn-OFF process can
be modeled with QS assumption.
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2) After the voltage u.. increases to the dc voltage, the carrier
distributions under QS and NQS assumptions will show
a significant difference. Therefore, the modeling for stage
IV must be based on NQS condition.

III. MODELING THE IGBT TURN-OFF PROCESS BASED ON
BOTH QUASI STATIC AND NONQUASI STATIC ASSUMPTIONS

A. Comparison Between Quasi Static and Nonquasi
Static Assumptions

The carrier distribution in the quasi-neutral base region is
governed by the ADE. The 2-D ADE under NQS assumption is
(32]

2 2
D (5 Ap (z,y,t) n 0 Ap(iv,y,t))

Ox? Oy?
_ Ap(zy.t) | 0Ap(z,y,t) ®)
Teff at

where D is the ambipolar diffusivity and 7.g is the effective
excess carrier lifetime.
The 2-D ADE under QS assumption is

p(LAr(y)  PAp(r.y)) _ Ap(z,y)
Oz2 Oy? Teff

Based on (8), (9), and the 2-D finite-element method, we
calculate the turn-OFF voltage i, voltage uge, current ic., and
the excess carrier distribution. The required device structure
parameters for calculation refer to [36]. The working condition
is the typical double pulse experiment. The turn-OFF current is
3180 A and the dc voltage is 2800 V. The gate voltage U, changes
from 15 to —9 V. The stray inductance in the current transfer
loop is 260 nH. In addition, to reflect the influence of du../df on
results, three resistances Ropr are selected in the calculation.

1) Voltage and Current: Fig. 4 compares the voltage and
current waveforms between QS and NQS assumptions with the
R opr 18 5, 10, and 15 €Q, respectively.

From Fig. 4, we can clearly see that before the voltage u.
increases to dc voltage Uy, the voltage and current waveforms
between QS and NQS assumptions are basically identical. In
addition, the high consistency of waveforms is still achieved
under small driving resistance Ropr = 5 €2 in Fig. 4(a), where
the voltage change rate du../dz is relatively large. Therefore, it
is reasonable to adopt the QS assumption to model stages I, II,
and III during turn OFF.

After u.. increases to Uy, the waveforms show a noticeable
difference. The results are consistent with the analysis conclu-
sions in Section II. There are tail currents resulting from the
recombination of remaining excess carriers when adopting the
NQS assumption. By contrast, the current and voltage oscillation
occurs under the QS condition. Therefore, the QS assumption
cannot describe the tail current. After the voltage u.. increases
to the dc voltage, the turn-OFF process must be modeled under
NQS condition.

2) Excess Carrier Distribution: To make a more straightfor-
ward comparison between QS and NQS assumptions, we further
compare carrier distributions. Taking Fig. 4(a) as an example,

)
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Fig. 4. Comparison of turn-OFF voltages and currents. (a) Ropr = 5 €.
(b) Ropr = 10 . (¢) Ropr = 15 2.

Fig. 5 first shows the carrier distributions in different stages.
According to Fig. 5(a), the excess carriers near the gate show a
significant difference along the y-direction, which is consistent
with the results shown in Fig. 3. Therefore, the 2-D effect
should be considered when calculating the carrier distributions
in stages I and I1, which puts high requirements on the device gate
structure parameters and increases the difficulty of engineering
application.

According to Fig. 5(b), with the increasing voltage uc. in
stage III, the excess carriers show a slight difference along
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the y-direction. They can be seen as 1-D distribution along the
x-direction. In this stage, the width of the depletion region Wy
is greater than the distance D,, which is shown in Fig. 3(b), the
excess carrier 2-D distribution effect is gradually eliminated.
Therefore, the carrier concentration can be calculated based on
the 1-D distribution.

Fig. 6 further compares the carrier distributions in stages I
and II. The working condition still corresponds to Fig. 4(a).
For reflecting the carrier 2-D distribution effect, Fig. 6(c) and
(d) compares the carrier distributions along the bottom of the
trench gate.

From Fig. 6, we can see that the carrier distributions at
y=0and x = Wy, + Wy all show minor differences between the
two assumptions. Referring to the above analysis, the change
rate of the width of the quasi-neutral base region dW/dr is the
critical factor influencing the difference of carrier distributions
between QS and NQS conditions. In stages I and II, the change
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rate of voltage du../dt is relatively small, which brings about a
small change rate of the quasi-neutral base region width dW/dt.
Therefore, we can understand that the slight difference between
the two assumptions results from the small dW/dz. In addition,
it is feasible to model stages I and II according to the QS
assumption.

With increasing u.. and duc./dt, the carrier distributions in
stage III under QS and NQS assumptions are shown in Fig. 7.
Only the carrier distributions at y = 0 are displayed because the
carriers show a slight difference along the y-direction. Fig. 7(a)
shows that the carrier distributions show a relatively more signif-
icant difference between QS and NQS assumptions than stages |
and II. However, because the excess carrier concentration at the
emitter side remains low, the difference in carrier distributions at
the emitter side between the two assumptions is still small. When
the voltage u. increases to 2755 V, shown in Fig. 7(b), the de-
pletion region reaches the FS layer, and the carrier distributions
between the two assumptions show a very little difference. The
main reason is that the change rate of depletion region dW/d¢ in
the FS layer is minimal, caused by the high doping concentration
in the FS layer. In addition, the relatively small carrier lifetime
in the FS layer also contributes to the slight difference in carrier
distributions between the two assumptions.

According to the turn-OFF stage III analysis, the capacitances
partin Fig. 1 is the critical factor influencing the turn-OFF voltage
Uce. From (3), (4), and (7), the capacitances Cgq and Cqg; also
have close relationships with the current ratio i,,0s/ice. The com-
parison of nonlinear capacitances Cgq and Cqs; under different
voltages u.. are shown in Fig. 8(b), where slight differences of
capacitances Cgq and Cgsj between QS and NQS conditions are
obtained.

From Fig. 8(a), we can see that the current ratio inmos/ice
remains a relatively large level, which can reduce the influence
of the (ice — Imos)/(qAVL) — imos/(qAv,,) on capacitances Cgq
and Cgsj. Therefore, due to the large level of the current ratio
Imos/ice, the slight difference in the current ratio iy, os/icc Shown
in Fig. 8(a) will not bring about noticeable differences for the
nonlinear capacitances Cyq and Cqsj, whichis shownin Fig. 8(b).

In conclusion, before the voltage u.. increases to the dc volt-
age, the turn-OFF process can be modeled under QS condition.
After the voltage u.. increases to the dc voltage, the turn-OFF
process should be modeled under NQS condition.
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Fig. 9. Equivalent circuit of an IGBT before the voltage u.. increases to the
voltage U}, during turn OFF.

Adopting the QS assumption can undoubtedly simplify the
model. However, as the above analysis, the carrier 2-D distri-
bution effect should be considered when calculating the carrier
distributions in stages I and II, which puts high requirements on
the chip gate structure parameters and increases the difficulty of
engineering application.

Considering that the voltage and current characteristics of
IGBTs under the QS assumption are indeed the static-state
output characteristic curve, we can model stages I and II in
another way. For the IGBT application engineering, it is enough
to obtain the voltage and current characteristics of IGBTs. There-
fore, if one method can be brought to describe the static-state
output characteristic curve directly, we can avoid the complex
calculation for the carrier 2-D distribution.

B. Modeling Stages I, 11, and Ill Based on Quasi
Static Assumption

1) Stages I and II: One behavioral model is suitable for
the IGBT static-state model because the static-state output
characteristics are independent of the stray inductances, stray
capacitances, and other parameters in the application circuit. It
is basically the characteristics of the device itself.

The IGBT U-I relation in [37] is adopted in this article.
Fig. 9 shows the equivalent circuit model where a three-terminal
nonlinear resistance represents the U-I relation of IGBT

ice = B(uge — Up)" tanh [9(uce - Umm)’\] (10)

where (3, 1, 0, and y are coefficients to be extracted by the steady-
state output curve; U is the channel threshold voltage; and Uiy
is the minimum conduction voltage.

2) Stage Ill: After stage II, because the carrier distribution is
required to determine the capacitances Cgq and Cgsj, the IGBT
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must be modeled with the circuit model shown in Fig. 1. The
diode part can be ignored for the relatively small diode voltage
u 4. The MOSFET part and the boundary conditions in [20], [21]
are adopted in this article.

The current equation and charge continuity equations, rather
than the ADE, are adopted to calculate the carrier distribution.
To make the model suitable for different current levels, from
low current to high current, the electron and hole currents at all
injection levels are shown as follows [34]:

in = qAnu, E + qAD, x Vn

ip = qApupyE — qAD, x Vp 1D
where p and n are the hole and electron concentrations; and
n=Ap+Ng;p= Ap+ nZ/Ng;and j1,, and p,, are the electron
and hole mobilities, respectively.

Combing the relation ice = i, + i, and An = Ap, we can
replace the electric intensity with the collector—emitter current
ice. In addition, using the finite differential method, we can
obtain the hole current at discretized points shown as

piupice _
ni,uln + pz,ulp

ApiMpDn + nipin Dy Apit1 — Ap;
N fn + Pillp AW;

(12)
where i = 1 to NP, and NP is the number of discrete units.
n; = Ap; + Ng; p; = Ap; + nfi/NB; and AW, is the width of
discrete units.

The charge continuity equation is [34]

ip (Z) =

qA x OAn/Ot = 0iy, /Ox — qA X n/Ty

gA x 0Ap/ot = —0i,/0x — qA X p/Tp, (13)
where 7, and 7, are the excess electron carrier and hole carrier
lifetimes, respectively.

Under QS assumption, the time differential term 0Ap / Ot
or 0An/ Otin (13) is ignored, which can effectively reduce the
computational complexity. Combining the relation of An = Ap,
we make integral calculations to (13) on discrete elements and
obtain the variations of hole currents on discrete elements

Aiy (i) = qAAW; (Api + Apiy1) /2] Tesr (14)

where 7. is the equivalent excess carrier lifetime, it is [23]

Tett = (Apta + Np71,) / (Ap + NB) (15)
where 71, and 77 are the equivalent electron and hole lifetimes
in low injection level and high injection level, respectively.

By (12) and (14), the carrier concentration at discretized
points can then be calculated.

C. Modeling Stage IV Based on Nonquasi Static Assumption

Under NQS assumption, the electron current and hole current
at discretized points are the same as (13). While the time differ-
ential terms 0 Ap / 0t or 0An / Ot in (13) must be considered.
After the integral operations, the variations of hole currents on
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Fig. 10. Calculation diagrams of the proposed method.

discrete elements are

9Ap; |, 9Ap; Api+Aps
2 | +25% (Api + Apita)

(16)

D. Initial Condition for Calculation of Carrier Distribution

The initial condition for calculating the carrier distribution is
determined by (17) which is the 1-D analytical solution of ADE
under QS condition [7]. The carrier distribution diagram refers
to Fig. 7 in [22] and will not be covered here

sinh [(W —x) /L]

Ap (@) = Puo—2m (W/Ly)
Ap( *) _ Pyosinh [(WH —Sl.’fl*}z {5/};]/—;5}1\)\/ sin h (x*/LH)

an

where Ly, and Ly are the ambipolar diffusion lengths in LDB and
buffer layer, respectively; Py, is the excess carrier concentration
at buffer layer edge of the LDB; Py is the excess carrier
concentration at collector edge of the buffer layer; and Py is
the excess carrier concentration at LDB edge of the buffer layer.
P10, Pro, and Prw in (17) can be calculated by the formulas
(18)—(24) in [38].

Modeling the carrier distribution under the QS assumption
starts at 3 in Fig. 1. When the voltage u., increases to Uy and
the width of the depletion region Wy equals Dy, the carrier 2-D
distribution effect basically disappears [14]. At the same time,
because the critical voltage Uy and its change rate du../dt are
relatively small, the difference in carrier distributions between
QS and NQS assumptions can be negligible. Therefore, it is
reasonable to determine the initial condition under QS condition
when the voltage u.. increases to the voltage Uy.

The critical voltage Uy is

Uy = Uge + Urq. (18)

This treatment method takes into account both the carrier
distribution characteristics about one and two dimensions and
the difference between QS and NQS assumptions, and it can
meet the requirements of accuracy and engineering applicability,
avoiding considering the 2-D carrier distribution effect near the
gate and reducing the dependence on the chip gate structure
parameters.

Fig. 10 shows the calculation diagrams of the proposed
method. In Fig. 10, the device turns OFF at 7y, and the voltage
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Fig. 11. Experimental platform and an IGBT under test in the laboratory. (a)
Experimental platform. (b) Left side of press-pack semiconductor module. (c)
Right side of press-pack semiconductor module.

Uce 18 Up. Using the proposed static-state circuit shown in Fig. 9,
we calculate the voltage uce, Uge, and current i.. before the
voltage u.. increases to the voltage Uy. When the voltage u.,
increases to the critical voltage Uy, we determine the initial
condition by (17) for calculation of carrier distribution and
perform the modeling based on the circuit shown in Fig. 1 and
QS assumption. Therefore, when Uy < u.. < Uy, wWe calculate
the carrier distribution by (12) and (14). The calculation does
not consider the time differential term 0 Ap/0t in (13), which
can simplify the calculation process and improve the calculation
efficiency.

After the voltage u.. increases to the dc voltage Ug., we
perform the modeling based on the circuit shown in Fig. 1 and
NQS assumption. The carrier concentration Ap is calculated by
(12) and (16).

IV. VERIFICATION AND COMPARISON

To further verify the proposed model, we establish a high-
power double pulse test platform in the laboratory. Fig. 11
displays the experimental platform and the device under test.
The selected type of IGBT is TOSHIBA ST2100GXH24A.
The Tektronix oscilloscope MDO3034, Tektronix high-voltage
probe THDP0100, and the PEM Rogowski current transducer
CWT mini HF150B are used to perform the acquisition of
transient waveforms.

A. Verification With Experiments

The relevant parameters of the model can be obtained fol-
lowing the methods in [24] and [39], [40], and the extracted
parameters used in the model are listed in Table Al, where I5,
is the collector electron saturation current.

Meanwhile, the temperature dependences of model param-
eters are referred to [20], [26], and [41]. This article will not
repeat it due to the limitation of space.

To verify the model, this article implements the proposed
method into the SABER simulator using the MAST language
and calculates the turn-OFF voltages and currents. Fig. 12 com-
pares the turn-OFF voltage and current waveforms. The breaking
currentis 3000 A, and the dc voltage is 2200 V. The temperatures



LIU et al.: MODELING TURN-0FF PROCESS OF HIGH-POWER IGBT

—— Experiment

— Calculation

(=]
(=

iee(1000 A/div) 11e(1000 V/div)

iee(1000 A/div) 111000 V/div)

0 5 10 15 20 0 5 10 15 20
(ps) 1(ps)
Fig. 12.  Comparison of turn-OFF voltages and currents between experiments

and calculations: Ug. = 2200 V/Iypr = 3000 A.

TABLE I
COMPARISON OF TURN-off PARAMETERS BETWEEN EXPERIMENTS AND
CALCULATIONS (T = 25°C)

Test Parameters =~ Measurement Proposed Relative
conditions model errors (%)

Eor (J) 7.53 7.21 43

Ui =3100V  Upear (V) 3830 3703 32
Lo = 1200 A togr (ps) 9.7 10.2 55
du/dtax(V/ps) 2174 2293 5.0

Eorr (J) 9.22 8.93 32

Uge =2200 V. Upeak (V) 3440 3310 3.8
Lo =3000 A o (us) 9.5 9.9 4.2
du/dtax(V/ps) 2151 2255 4.8

Eor (J) 20.2 19.1 55

Uge =2050V  Upear (V) 3660 3500 4.4
Igff = 5800 A tm}‘(},l,s) 88 91 34
du/dtax(V/us) 2083 2200 5.6

TABLE II

COMPARISON OF TURN-off PARAMETERS BETWEEN EXPERIMENTS AND
CALCULATIONS (Tj = 120°C)

Test Parameters ~ Measurement Proposed Relative
conditions model errors (%)

Eoir (J) 8.78 8.68 3.0

Uge =3100 V. Upeax (V) 3650 3590 1.7
Lig =1200 A o (us) 10.62 10.11 4.8
du/dtax(V/us) 2131 2235 4.9

Eoir (J) 10.8 10.4 3.7

Uge =2200V  Upear (V) 3360 3290 2.1
Lir =3000 Az (us) 10.37 9.98 3.8
du/dtnex(V/us) 2090 2220 6.2

Eoir (J) 22 20.8 5.5

Uge =2050V  Upear (V) 3590 3458 3.7
Loy =5800 A 1o (us) 9.32 8.94 4.1
du/dtax(V/us) 2041 2197 7.6

under test are 25°C and 120°C. The turn-OFF driving resistance
is 8.2 €). The gate driving voltage U, changes from 15 to —9 V.
The stray inductance is 315 nH. According to the comparison
shown in Fig. 12, a good agreement can be obtained between
the calculated and experimental waveforms.

Tables I and II compare turn-OFF losses, the peak values of
voltage u.e, the turn-OFF time, and the maximum du/df between
experiments and calculations at 25°C and 120°C. The breaking
currents are 1200, 3000, and 5800 A. The dc voltages are 3100,
2200, and 2050 V. According to Tables I and II, the maximum
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TABLE III
RELATIVE ERRORS OF TURN-off PARAMETERS FOR DIFFERENT MODELS

Test Parameters Proposed Modified Hefner F ourier-seriesi bil 2
conditions model model Based model '€~
Eote (J) 43 % 14.1 % 138% 45%

Uge =310V Upear (V) 32% 11.9 % 9.6 % 7.8 %
L =1200 A to5r (ps) 52% 17.6 % 8.4 % 9.7 %
du/dta(V/ps) 5.0 % 11.8% 127% 12.6%

Eotr (J) 32% 8.6 % 9.9 % 4.4 %

Uge =2200V  Upeak (V) 3.8% 10.3 % 7.9 % 7.9 %
L =3000 A to55 (1) 42 % 15.7 % 134% 11.7%
du/dtma(V/ps) 4.8 % 14.6 % 121%  7.6%

Eote (J) 55% 8.1% 7.5 % 9.6 %
Uge =2050V  Upeak (V) 44 % 7.9 % 71% 135%
Lo = 5800 A tosr (1s) 3.4 % 8.5% 59%  10.7%
du/dtma(V/ps) 5.6 % 7.8 % 6.1% 17.8%

relative errors between the measured and calculated values for
turn-OFF losses, peak voltages, turn-OFF time, and the maximum
du/dt are 5.5%, 4.4%, 5.5%, and 7.6%, respectively. Therefore,
the proposed model can accurately describe the turn-OFF process
of high-power IGBTs under different working conditions.

It should be pointed out especially that benefiting from the
advanced chip technologies, for example, FS layer and deeper
and wider trench gate structure, the high-power IGBTs have
relatively small tail currents. However, it does not rule out the
possibility that a small number of devices in the market still
have large tail currents, and the carrier distributions between
QS and NQS assumptions will show a relatively large difference.
Therefore, the method in this article may show low accuracy for
this kind of device.

B. Comparison

In this section, we compare the proposed method and the
popular high-power IGBT models, that is, the modified Hefner
mechanism model [20], the Fourier-series base mechanism
model [21], and the behavioral model igbtl_2 embedded in the
SABER simulator.

Table III shows the relative errors of turn-OFF parameters for
different models at 25°C. From the results, we can see that the
Hefner model and Fourier-series-based model show relatively
large errors, especially for the working condition where the
conduction current and working voltage are 1200 A and 3100
V. The relative errors for the turn-OFF time and the turn-OFF loss
are up to 17.6% and 13.8%, respectively. Under this working
condition, the carrier concentration is relatively small and the
depletion region expands to the FS layer. As a result, the car-
rier distribution should be calculated under all injection levels.
However, only the high injection condition is considered in the
modified Hefner model and the Fourier-series-based model. The
accuracy of the behavioral model igbt1_2 depends on the specific
turn-OFF voltage/current waveform which is used to extract
the model parameters and shows large changes with different
working conditions.

Fig. 13 compares turn-OFF waveforms between the proposed
method and the other popular models with Uy, = 2200 V and
I orr = 3000 A. The results show that the waveforms obtained
by the proposed model are highly close to the experiment
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Fig. 13.  Comparison of turn-OFF waveforms between the proposed method

and the other popular models: Uqc = 2200 V/Iopr = 3000 A.

TABLE IV
EXECUTION TIMES OF THE SIMULATIONS FOR COMPARED MODELS

o, Proposed  Modified Fourier-series .
Calculated conditions model  Hefner model  based model ightl 2
Turn off total time 1.72s 1.58s 1.71s 1.36s
Uee < Uy Stage 0.61s 0.62s 0.64s 0.51s
Uee > Uy Stage 1.11s 0.96s 1.07s 0.85s

waveforms. By contrast, the other models show obvious large
differences. For the compared models, the voltage or current
change rate are not accurately simulated. The voltage and current
change rate is closely related to the nonlinear capacitances
C,ya/Cqsj and the hole current in devices which are influenced
by the carrier distribution. Therefore, the calculations for the
carrier distribution, nonlinear capacitances between device ter-
minals, and the hole current in devices are crucial for modeling
high-power IGBTs.

In conclusion, the differences between different models are
reflected in two main aspects. First, the calculation for carrier
distribution shows large differences. The calculations for carrier
distribution are performed under high injection levels in the
Hefner and Fourier-series-based models. The influence of dop-
ing concentration on the carrier distribution and the ambipolar
diffusivity isignored. The carrier distribution results will directly
influence the hole current. Second, the calculations for nonlinear
capacitances Cgq and Cggj are also different. For example, the
influence of carrier concentration on nonlinear capacitances is
not considered in the behavioral model igbt 1_2, which causes
the unsatisfactory applicability for different injection levels.

Table IV shows the turn-OFF execution times for different
models. Simulations were performed using AMD Ryzen 7 5800
3.4 GHz CPU and 16.0 GB RAM under the same simulation
conditions. From the results, we can see that the total execution
times for different models are comparable. It is noteworthy
that the entire time of the proposed model is not increased
evidently due to the carrier distribution calculation under all
injection levels. By further comparing the calculation times of
different stages, we can see that the execution time for stage
Uce < Uqc of the proposed method is less than these of the
two mechanism models: the modified Hefner model and the
Fourier-series-based model. In stage uc, > Uyqc, the proposed
method needs more execution times than the other three models
for adapting all injection levels and improving the simulation
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TABLE Al
PARAMETERS USED IN PROPOSED MODEL OF ST2100GXH24A
Parameters Values Parameters Values
Wi (cm) 0.007 Cye/Coxa (nF) 478/200
Ny (cm™) 2.0 x 107 A (cm?) 30
Wy (cm) 0.0205 Line (A) 1.88x 107"
N (em™) 42 %108 7 (us) 1.9
Urq (V) 50 i (us) 0.1
Ur (V25°C) 7.8 Ur (V/125°C) 6.5
Unin (V/25°C) 1.57 Unin (V/125°C) 0.95
6 (25C) 0.20 6 (125°C) 0.21
A(25C) 0.89 A (125°C) 0.86
B(25C) 593.8 B (125°C) 575.7
7(25°C) 1.46 7 (125°C) 1.41

accuracy. Overall, the proposed method has a good calculation
efficiency comparable to the other popular models. Therefore,
it is exactly the adoption of the QS assumption when u.. < Uqc
in the proposed method that has this good effect.

As for the needed parameters for different models, it is almost
identical for the proposed model, the modified Hefner mode,
and the Fourier-series-based model. The additional parameters
B, A, 0, ~, and Upy, in this article can be directly extracted
by fitting the steady-state output curve in device datasheet.
The parameters extraction for the behavioral model igbt 1_2
is relatively simple. However, the accuracy of igbtl_2 under
different working conditions is far from guaranteed.

V. CONCLUSION

Aimed at the high accuracy and the simplification to the
computation when modeling the turn-OFF process of high-power
IGBTs, this article proposes a novel modeling method which
makes full use of the carrier distribution characteristics of high-
power IGBTs and adopts QS and NQS assumptions to model
different turn-OFF stages.

In the proposed method, the carrier 2-D distribution effect and
all injection levels are fully considered. As a result, the accuracy
of the proposed method is much better than the existing popular
models. Especially, the model can effectively adapt to different
conduction levels and has a good accuracy for various working
conditions. However, the calculation efficiency of the proposed
model is not obviously reduced due to the improved accuracy.
It has a good calculation efficiency which is comparable to the
existing popular high-power models. That good effect is due
to the consideration to the carrier distribution characteristics
of high-power IGBTs under QS and NQS assumptions and
the adoption of QS assumption before the collector—emitter
voltage increases to the dc voltage during turn off. To facilitate
the engineering application, the model is also implemented into
the SABER circuit simulator with the MAST language.

APPENDIX

The extracted parameters for the ST2100GXH24A model are
shown in Table AL



LIU et al.: MODELING TURN-0FF PROCESS OF HIGH-POWER IGBT

[1]
[2]

[5]

[6]

[7]

[8]

[9]

[10]

(11]

[12]

[13]

[14]

[15]

[16]

(17]

(18]

[19]

[20]

[21]

[22]

(23]

REFERENCES

K. Sheng, B. W. Williams, and S. J. Finney, “A review of IGBT models,”
IEEE Trans. Power Electron., vol. 15, no. 6, pp. 1250-1266, Nov. 2000.
T. Mizoguchi, Y. Sakiyama, N. Tsukamoto, and W. Saito, “High accurate
IGBT/IEGT compact modeling for prediction of power efficiency and EMI
noise,” in Proc. 31st Int. Symp. Power Semicond. Devices ICs, May 2019,
pp- 307-310.

L. Jing, M. Du, K. Wei, and W. Hurley, “An improved behavior model
for IGBT modules driven by datasheet and measurement,” IEEE Trans.
Electron Devices, vol. 67, no. 1, pp. 230-236, Jan. 2020.

Y. Xu, C. Ho, and A. Ghosh, “An electrical transient model of IGBT-diode
switching cell for power semiconductor loss estimation in electromag-
netic transient simulation,” IEEE Trans. Power Electron., vol. 35, no. 3,
pp- 2979-2989, Mar. 2020.

Z. Huang and V. Dinavahi, “A fast and stable method for modeling
generalized nonlinearities in power electronic circuit simulation and its
real-time implementation,” /[EEE Trans. Power Electron., vol. 34, no. 4,
pp- 3124-3138, Apr. 2019.

N. Lin and V. Dinavahi, “Detailed device-level electrothermal modeling
of the proactive hybrid HVDC breaker for real-time hardware-in-the-loop
simulation of DC grids,” IEEE Trans. Power Electron., vol. 33, no. 2,
pp. 1118-1134, Feb. 2018.

Y. Duan, Y. Luo, F. Xiao, and W. Ma, “Review of non-quasi static modeling
method in the base region of high power IGBT,” Gaodianya Jishu/High
Voltage Eng., vol. 45, no. 7, pp. 2062-2073, Jul. 2019.

A. R. Hefner, “An improved understanding of the transient operation of
the power insulated gate bipolar transistor (IGBT),” IEEE Trans. Power
Electron., vol. 5, no. 4, pp. 459-468, Oct. 1990.

V. Andreas and H. Michael, “Power semiconductors,” in IGBT Modules
Technologies, Driver and Application, 3rd ed. Beijing, China: China
Machine Press, 2016, ch. 1, sec. 5, pp. 28-38.

K. Kakushima et al., “Experimental verification of a 3D scaling principle
forlow V¢e(sat) IGBT,” in Proc. Int. Electron Devices Meeting, Dec. 2016,
pp- 10.6.1-10.6.4.

J. Wei et al., “Ultrafast and low-turn-off loss lateral IEGT with a MOS-
controlled shorted anode,” IEEE Trans. Electron Devices, vol. 66, no. 1,
pp- 533-538, Jan. 2019.

L.Lu, A. Bryant, J. L. Hudgins, P. R. Palmer, and E. Santi, “Physics-based
model of planar-gate IGBT including MOS side two-dimensional effects,”
IEEE Trans. Ind. Appl., vol. 46, no. 6, pp. 2556-2567, Nov./Dec. 2010.
P. M. Igic, M. S. Towers, and P. A. Mawby, “A 2D physically based
compact model for advanced power bipolar devices,” Microelectron. J.,
vol. 35, no. 7, pp. 591-594, Feb. 2004.

K. Sheng, S.J. Finney, and B. W. Williams, ““A new analytical IGBT model
with improved electrical characteristics,” IEEE Trans. Power Electron.,
vol. 14, no. 1, pp. 98-107, Jan. 1999.

A. R. Hefner Jr, “Modeling buffer layer IGBT’s for circuit simulation,”
IEEE Trans. Power Electron., vol. 10, no. 2, pp. 111-123, Mar. 1995.

S. Ji, Z. Zhao, T. Lu, L. Yuan, and H. Yu, “HVIGBT physical model
analysis during transient,” IEEE Trans. Power Electron., vol. 28, no. 5,
pp- 2616-2624, May 2013.

M. Cotorogea, “Physics-based SPICE-model for IGBTs with transparent
emitter,” IEEE Trans. Power Electron., vol. 24, no. 12, pp. 2821-2832,
Dec. 2009.

R. Kraus and K. Hoffmann, “An analytical model of IGBTs with low
emitter efficiency,” in Proc. 5th Int. Symp. Power Semicond. Devices ICs,
May 1993, pp. 30-34.

P. Igic, “Exponential ADE solution based compact model of planar injec-
tion enhanced IGBT dedicated to robust power converter design,” IEEE
Trans. Power Electron., vol. 30, no. 4, pp. 1914-1924, Apr. 2015.

Y. Luo, E Xiao, B. Liu, and Y. Huang, “A physics-based transient
electrothermal model of high-voltage press-pack IGBTs under HVdc
interruption,” IEEE Trans. Power Electron., vol. 35, no. 6, pp. 5660-5669,
Jun. 2020.

X. Kang, A. Caiafa, E. Santi, J. L. Hudgins, and P. R. Palmer, “Character-
ization and modeling of high-voltage field-stop IGBTSs,” IEEE Trans. Ind.
Appl., vol. 39, no. 4, pp. 922-928, Jul./Aug. 2003.

X. Yang, Y. Ding, J. Wang, G. Liu, and P. Palmer, “An improved Fourier-
series-based IGBT model by mitigating the effect of Gibbs phenomenon
at turn on,” IEEE Trans. Electron. Devices, vol. 68, no. 7, pp. 3453-3459,
Jul. 2021.

P. Xue, G. Fu, and Z. Dong, “Modeling inductive switching characteristics
of high speed buffer layer IGBT,” IEEE Trans. Power Electron., vol. 32,
no. 4, pp. 3075-3087, Mar. 2017.

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]
[35]

[36]

[37]

[38]

(39]

[40]

[41]

12207

J.Meng, P.Ning, and X. Wen, “A physical model for high power trench gate
IGBTS,” in Proc. Conf. Expo Transp. Electrific. Asia-Pacific, Sep. 2014,
pp. 1-5.

H. Cao, P. Ning, X. Wen, T. Yuan, and H. Li, “An electrothermal model
for IGBT based on finite differential method,” IEEE J. Emerg. Sel. Topics
Power Electron., vol. 8, no. 1, pp. 673-684, Mar. 2020.

X. Li, Y. Luo, Y. Duan, Y. Huang, and B. Liu, “A lumped-charge model
for high-power PT-p-i-n diode with a buffer layer,” IEEE J. Emerg. Sel.
Topics Power Electron., vol. 7, no. 1, pp. 52-61, Mar. 2019.

Y. Duan, F. Iannuzzo, and F. Blaabjerg, “A new lumped-charge modeling
method for power semiconductor devices,” IEEE Trans. Power Electron.,
vol. 35, no. 4, pp. 3989-3996, Apr. 2020.

Y. Duan, F. Xiao, Y. Luo, and F. Iannuzzo, “A lumped-charge approach
based physical SPICE-model for high power soft-punch through IGBT,”
IEEE J. Emerg. Sel. Topics Power Electron., vol. 7, no. 1, pp. 62-70,
Mar. 2019.

F. Iannuzzo and G. Busatto, “Physical CAD model for high-voltage IGBTs
based on lumped-charge approach,” I[EEE Trans. Power Electron., vol. 19,
no. 4, pp. 885-893, Jul. 2004.

R. Chibante, A. Aratjo, and A. Carvalho, “Finite element modeling and
optimization-based parameter extraction algorithm for NPT-IGBTSs,” [EEE
Trans. Power Electron., vol. 24, no. 5, pp. 1417-1427, May 2009.

R. Chibante, A. Aradjo, and A. Carvalho, “A new approach for physical-
based modelling of bipolar power semiconductor devices,” Solid-State
Electron., vol. 52, no. 11, pp. 1766-1772, Sep. 2008.

J.Chen,J. Yang, S. Yang, and X. Li, “A coupled circuit-ambipolar diffusion
equation model and its solution methodology for insulated gate bipolar
transistors,” IEEE Trans. Magn., vol. 53, no. 6, pp. 1-4, Jun. 2017.

J. Chen, J. Yang, S. Yang, S. L. Ho, and Z. Ren, “A 2-D nonlinear
ambipolar diffusion equation model of an IGBT and its numerical solution
methodology,” IEEE Trans. Magn., vol. 54, no. 3, pp. 1-4, Mar. 2018.

B. J. Baliga, Fundamentals of Power Semiconductor Devices. Beijing,
China: Science Press, 2012, pp. 36-37.

P. Robert, “Insulated gate bipolar transistors,” in Power Electronics Semi-
conductor Devices, 1st ed. Hoboken, NJ, USA: Wiley, 2009, pp. 75-85.
M. Kitagawa, I. Omura, S. Hasegawa, T. Inoue, and A. Nakagawa, “A
4500V injection enhanced insulated gate bipolar transistor (IEGT) operat-
ing in amode similar to a thyristor,” in Proc. Int. Electron Devices Meeting,
Dec. 1993, pp. 679-682.

X. Liu, L. Wang, G. Liang, and L. Qi, “An IEGT model for analyzing the
high current turn-off characteristics in DC circuit breaker applications,”
IEEE Access, vol. 8, pp. 131327-131339, Jul. 2020.

A. R. Hefner Jr and D. L. Blackburn, “A performance trade-off for
the insulated gate bipolar transistor: Buffer layer versus base lifetime
reduction,” IEEE Trans. Power Electron., vol. PE-2, no. 3, pp. 194-207,
Jul. 1987.

A. T. Bryant, X. Kang, E. Santi, P. R. Palmer, and J. L. Hudgins, “Two-
step parameter extraction procedure with formal optimization for physics-
based circuit simulator IGBT and p-i-n diode models,” /[EEE Trans. Power
Electron., vol. 21, no. 2, pp. 295-309, Mar. 2006.

X.Kang, E. Santi, J. L. Hudgins, P. R. Palmer, and J. F. Donlon, “Parameter
extraction for a physics-based circuit simulator IGBT model,” in Proc. 18th
Annu. IEEE Appl. Power Electron. Conf. Expo., Feb. 2003, pp. 946-952.
T. D. Eddine, A. Oukaira, A. Hassan, Y. Savaria, and A. Lakhssassi,
“Foster-based transient thermal analysis of SiP for thermomechanical
studies,” in Proc. 19th IEEE Int. New Circuits Syst. Conf., Jun. 2021,
pp. 1-4.

Xin Liu was born in Tianjin, China, in 1980. He re-
ceived the B.S. degree in electrical engineering from
the North China Electric Power University (NCEPU),
Baoding, China, in 2003, the M.S degree in electrical
engineering from the Huazhong University of Sci-
ence and Technology, Wuhan, China, in 2006, and
the Ph.D. degree in electrical engineering from the
NCEPU, Beijing, China, in 2013.

He is currently an Associate Professor with the De-
partment of Electrical Engineering, NCEPU, Baod-
ing, China. His research interests include electromag-

netic pulse interaction with transmission lines, electromagnetic compatibility of
power electronic systems, and electromagnetic transient analysis and calculation
of power systems.



Litong Wang was born in Baoding, China, in 1991.
He received the B.S. degree in electrical engineer-
ing from the Tianjin Polytechnic University, Tianjin,
China, in 2014, and the M.S. degree in electrical
engineering from the North China Electric Power
University (NCEPU), Baoding, China, in 2017. He
is currently working toward the Ph.D. degree in elec-
trical engineering with the NCEPU, Beijing, China.

His research interests include electromagnetic
compatibility of power electronic systems and the
modeling of power electronic devices.

Guishu Liang was born in Hebei, China, in 1961. He
received the B.S., M.S., and Ph.D. degrees in electri-
cal engineering from the North China Electric Power
University (NCEPU), Baoding, China, in 1982, 1987,
and 2008, respectively.

He is currently working as a Professor and the
Head of the Electrical Theory Research Office with
the NCEPU. His research interests include electro-
magnetic compatibility of power electronic systems,
the electromagnetic transient analysis and calculation
of power systems, and the application of electrical

network theory in power systems.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 37, NO. 10, OCTOBER 2022

technology.

Lei Qi was born in Henan, China, in 1978. He re-
ceived the B.S., M.S., and Ph.D. degrees in electrical
engineering from the North China Electric Power
University, Baoding, China, in 2000, 2003, and 2006,
respectively.

He is currently a Professor of Electrical and Elec-
tronic Engineering with the North China Electric
Power University, Beijing, China. His research in-
terests include electromagnetic-field numerical com-
putation, electromagnetic compatibility on power
electronic systems, and high-voltage dc transmission




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


